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Abstract 
 
 
Providing acoustic control within a room is predominantly dependent on the characteristics of 
each of its surfaces. Acoustic treatment, such as absorptive material, is usually placed within 
rooms to try to control the sound field. The conventional geometry of such treatment is a flat 
layer of material with a specified thickness. While this method has been proven adequately, 
this thesis offers insights on the general effectiveness of complex geometrical elements placed 
on the surfaces of a room. A case study within this thesis examines the varying geometrical 
placement of absorptive material within a corridor, and provides quantifiable results using 
standardised metrics (from ISO 3382-3). A transverse configuration was found to increase the 
spatial decay rate of speech-based sound over the distance of a corridor. The larger study of 
the thesis examines a novel acoustic concept, retroreflection. Retroreflection provides a surface 
reflection back to the source, over a wide range of source positions. While commonly used in 
optics and radar, the efficiency of retroreflection for room acoustics has not yet been quantified. 
This thesis utilises measurements and simulations to provide a qualitative method of 
quantifying the localized effect of retroreflection. Also, the voice support metric is used to 
examine the autophonic effect of a retroreflective array. Results are presented relative to a flat 
surface within a room and show that a retroreflective array on a surface of a room, consisting 
of coffered-like shapes, yields the highest voice support, as well as greater retroreflected sound 
energy back at the source position. The study presented outlines a baseline of research method 
towards the goal of furthering interest towards the use of retroreflective surface in room 
acoustics. 
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CHAPTER 1 
INTRODUCTION 
 
 
 
 
 
 
This chapter provides an introductory overview of the thesis, specifying the relevant 
background information and stating the research aims.  
 
Some of the literature review from this chapter will be similar to the text of “An unusual 
instance of acoustic retroreflection in architecture – Ports 1961 Shanghai flagship store 
façade” by Cabrera et al. (2018), for which the author of this thesis is a co-author. 
 
 
 
 
 
 
 
 
 
 
 
2 Introduction 
 
1.1 OVERVIEW 
 
Room acoustic design relies on the known acoustic characteristics of specific surface 
types, through certain material or shapes, to control how a room sounds. A typical room is 
usually known to contain hard, even surfaces, but with even the least of acoustic consideration, 
the perceptual sound field of a room can vary immensely. Where it is common that some 
surfaces will behave predictively in terms of acoustics, certain shapes or geometries could have 
a surprising and unexpected effect towards a room’s sound field. This thesis examines the 
effect of geometrical placement of surface elements in a room, to provide control over the 
sound field. Simply, an investigation towards the acoustic effect that specific geometries or 
shapes might provide. Chapter 2 offers a case study, based on the geometric arrangement of 
absorptive material in a corridor, to offer insight into what geometries could provide better 
control of the sound field. Chapters 3 and 4 present a novel method for controlling the sound 
field of a room: retroreflection. Retroreflection is a somewhat under-researched reflection 
pattern that has demonstrated a peculiar acoustic effect in a room. Lastly, chapter 5 will provide 
a general conclusion of the research, and present opportunities for further research. 
 
1.2 ROOM ACOUSTICS 
 
Within a reverberant sound field, the decaying continuous sound level will remain 
relatively constant over space. This particular characteristic is used in reverberation chambers, 
or rooms where a noise filled environment is required, through the use of usually hard reflecting 
surfaces where the reflection of a sound wave will occur at each interaction of a reflective 
surfaces. For everyday rooms, this characteristic of a room is usually unwanted and avoided, 
as it can lead to a high noise build-up and poor speech intelligibility. With flat hard surfaces, 
specular reflection is expected. Specular reflections obey Snell’s law, i.e. the angle of reflection 
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is equal to the angle of incidence, reflected around the normal line. This is the most common 
type of reflection in a simple room. With the introduction of additional geometrical elements 
in a room, such as an irregular surface with complex shapes, scattering or diffusion will occur. 
Diffusion and scattering coefficients are used to quantify this effect. Although closely related, 
these coefficients differ in definition. The scattering coefficient defined by ISO 17497-1 (2004) 
is a ‘rough measure’ that depicts the degree of scattered sound (Vörlander et al., 2000). On the 
other hand, the diffusion coefficient is defined as ‘the directional uniformity of the scattering, 
or the quality of the diffusing surface.’ (Cox et al., 2009) 
The most common way of controlling the sound field of a room is to provide some sound 
absorption. The transfer from sound energy to thermal energy provided by soft and porous 
materials is the basis for sound absorption. The effectiveness of an absorptive material is 
usually related to its thickness, density and porosity of the material (Egan, 2007). Absorptive 
material on all surfaces of a room would provide the opposite acoustic conditions of fully 
reflective surfaces. A fully absorptive room eliminates the reverberant field, otherwise 
dominated by reflected sound from surfaces, and thereby provides an anechoic environment. 
Anechoic rooms are commonly used to measure acoustic properties of elements, where no 
other reflections are wanted, or a ‘dead’ space is required. While an anechoic room is a 
reflection-free field, the acoustic parameters measured in such a rom will depend on the 
parameters used to quantify the sound field. 
The term decay rate (dB/s) usually refers to the rate at which a sound level decays over a period 
of time after emitted sound. It is a widely used acoustic parameter to determine the 
reverberation time (RT) of a room (Davy et al., 1979). An alternative to this acoustic measure 
is spatial decay rate (dB/m). This term refers to the spatial attenuation of a sound level over a 
distance rather than in the time domain, which is considered relevant for large rooms. Finite 
room acoustics provides baselines in terms of the spatial decay of sound, where little sound 
attenuation is expected in the very near field of the source, but elements of a room such as 
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floors, ceiling and walls will affect the received sound. The geometrical placement of acoustic 
elements is a common tool used to control a sound field, where typical sounds such as speech, 
music and general noise are often characterized with a fast-changing and often broad spectrum, 
where certain specific acoustic elements would work, and others would not. Generally, it is 
understood that a room with a specified acoustic design should perform as per the specific use 
(offices, studios, homes etc…). 
 
1.2.1 ROOM ACOUSTIC SIMULATION 
 
The simulation of acoustic spaces is a widely used tool to predict, design and interpret the 
characteristics of a sound field, and to deliver validity to some presumptions that might occur 
around the sound field of a space. Also, they are used to solve complex acoustical issues, 
where simulating the space in question is a lot simpler than complex acoustic measurements. 
Essentially, acoustic simulations aim to obtain the impulse response or transfer function that 
describes the sound transmission between a source and a receiver in a room. The vast majority 
of modelling methods are based in two categories: geometry based and wave-based methods.  
Geometric methods are based on the path a ray of sound takes, as sound energy. This is usually 
formed of either the image source method (Allen et al.,1993), which is based on the principle 
that any boundary reflection in a room will represent a subsequent source, or ray tracing 
(Krokstad et al, 1968), where the diffuse characteristics of a boundary will determine the ray 
radiosity or ray path of the reflection. These methods are usually utilised in simplistic room 
acoustic simulations as a prediction tool rather than for detailed measurements (Rindel, 2000). 
Ray based technology has recently been implemented in graphical cards (GPU) for video 
autonomy (higher frames per second). While a geometrical method such as the ray tracing are 
limited as their capabilities, as large amounts of rays will usually be a computational issue, 
where a large amount of memory is required. Also, it is known that geometric methods lack 
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accuracy for the lower frequencies (Siltanen et al., 2010) and for complex geometrical 
elements.  
The wave-based methods are solely based on numerically solving the wave equation, where 
sound propagation is modelled as different forms of the wave equation. A discretisation of the 
sound field is achieved with the previously mentioned numerical solution of the wave 
equation. The discretised sound field is defined as the discrete volume element or defined for 
the surface elements, also known as element method. The difference between both these 
methods is that the finite element method (FEM) and boundary element method (BEM) 
operate in either volumetric propagation or surface propagation. As an alternative to the 
elements method of wave-based simulations, time-domain solvers are used, where the 
propagation of the sound waves are calculated in the time domain, rather than in the spatial 
domain. A formulation of a discretised time-domain solver is through travelling wave 
solutions. These formulations are used in digital waveguide (Smith, 1992), or referred to as 
digital waveguide meshes (DWMs) (Smith et al., 1993). Another method for discretising the 
wave propagation equation is a finite difference time domain (FDTD) method.  
 
1.2.2 FINITE DIFFERENCE TIME DOMAIN (FDTD) METHOD 
 
 
The FDTD method approximates wave propagation in an isotropic media in one or 
more dimensions. Essentially, the second-order spatial and temporal derivatives of the wave 
equation are discretised in order to approximate them with second-order central finite 
differences.  The accuracy of the simulated wave depends on how the discretization of the 
model is performed. Originally, the FDTD method was first introduced by Yee (1966) to solve 
issues with electromagnetic fields with a staggered grid to interleave and solve electrical and 
magnetic field issues. This implementation was adapted to room acoustics by Botteldooren 
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(1995) where the fields were replaced with pressure and particle velocity. Savioja et al. (1995) 
adapted a finite-difference scheme using pressure only grids as the interleaved grids, in the 
form of a DWG. Bilbao (2001) and Kowalczyk (2009) formulated a series of schemes using 
pressure only schemes, further refined as compact explicit FDTD schemes with a 
generalisation of the boundary conditions. The formulation for the pressure only schemes has 
been shown to have a functional similarity to Yee’s staggered grid (Botts et al., 2013). The 
FDTD method used in this thesis is formed of a compact explicit standard rectilinear (SRL) 
FDTD scheme for room acoustic (Saarelma, 2013).   
The computational cost of FDTD methods are well established, where the computational 
intensity will increase with higher frequency applications. This is the main reason for the 
limitations of most wave-based simulation methods. Haapaniemi (2012) discusses that the 
computational limitations will also dictate the size of the simulated room, as well as the upper 
frequency limit (which is usually below the upper threshold of the human hearing spectrum). 
To alleviate some of the more complex computational requirements, graphical processing 
units (GPUs) are used to provide an increased amount of bandwidth memory.  
The boundary condition of the SRL FDTD scheme can depend on the assigned reflecting 
coefficient assigned to a layer (a descriptor for a group of surfaces with the same 
characteristics), as boundary impedance. There are some limitations as the upper and lower 
limits of the surface impedance. For all simulations in this thesis, boundaries will be either 
fully reflective (maximum possible surface impedance) or full absorptive (minimum surface 
impedance). For the purpose of the simulations, the artefacts that might appear from uneven 
surface impedance were deemed acceptable. The dispersion of waves is heavily affected by 
frequency dependence, where higher frequencies will provide a stronger dispersion effect. The 
dispersion error resulting from this is of about 2%, and is corrected by providing a sampling 
frequency at 10 times the maximum audio frequency of the simulation. 
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The SRL FDTD method used in this thesis is formed of Matlab code, and utilises 
parallelisation of CUDA based GPUs. The code used is open access software1. The code itself 
has several controllable parameters that set the characteristics of the simulation. To define the 
length of the room impulse response simulated in the room, time steps are prescribed, where 
the simulation will run its course with the time step parameter as the time limit. The source 
signal used for all simulations is a simple delta function, 200 samples long and with an 
amplitude of 0.2. The source itself was prescribed as a transparent point source (Schneider et 
al., 1998). Receivers are simulated as pressure nodes, measuring the passing sound pressure 
at spatial points in time. Source and receiver locations were set as x y z coordinates. The 
different three-dimensional modelled rooms were imported into the solver using a voxeliser 
function. Essentially, the discretisation of the room geometry results in voxels with 3D 
coordinates, defined by the sampling frequency set. The voxeliser creates a rectangular mesh 
of nodes which encloses the orientation data and material indices of each element. The 
voxelized geometry is then inputted into a data structure that handles the distribution and 
partition of material and location indices, pressure meshes, source data and simulation 
parameters. The size of each node voxel is set by the parameter dx. The simulations used in 
this thesis were expected to be computationally extensive, therefore the Artemis cluster was 
used. 
 
1.2.3 ARTEMIS HIGH PERFORMANCE COMPUTING 
 
 
The Artemis cluster is the largest computing facility in the southern hemisphere. The 
Artemis environment is operated on a Linux based system. The Parallel FDTD code was built 
onto the cluster, where the code could be called from submission scripts. These scripts are 
                                                 
1 https://github.com/juuli/ParallelFDTD 
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called pbs scripts. They define all the parameters required for the full simulation. With the 
parallelised optimised script, the GPU usage of the Artemis cluster makes use of the 28 
NVIDIA V100 SXM2, with 16 GB of RAM memory per GPU and a compute capability of 
7.0, providing up to 7.8 teraFLOPS of GPU performance in double precision. 
 
1.3 RETROREFLECTION 
 
 
 Retroreflection is a reflection pattern that is described as reflecting incident energy back 
to the source location (Nilsen et al., 2004; Kim et al., 2007) (figure 1.1). While other previously 
mentioned reflection types are well established and theorized, retroreflection has been largely 
unexplored in terms of either architectural or room acoustics.  
The main attribute of retroreflection is the ability to reflect rays back to the source over a wide 
range of possible source locations. For the use of acoustic reflections in a space, retroreflection 
might not be a suitable solution, and therefore could be overlooked as a design possibility. 
Figure 1.2: Taken from URL: https://carusoacoustic.com/en/first-lesson-of-acoustics-the-sound-wave/  Example of the effect of 
wavelength size on the size of a surface. 
Figure 1.1: Taken from Cabrera et al., 2018, based on Kim et al., 2007) Illustration of three types of reflections. 
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Also, to achieve a significant retroreflection, the size requirement of retroreflective elements 
would have to be substantially large, due to the size of sound wavelengths (figure 1.2). For 
example, a sound wave at 500 Hz has a wavelength of about 0.6 m, and therefore may require 
a surface at least three times that size to be retroreflected effectively (Schroeder, 1975). It 
should also be understood that not all incident rays that interact with a retroreflector will be 
retroreflected (Chipman et al., 1988). These limitations could provide some indication as to 
the limited availability of retroreflective surfaces, and the lack of their inclusion in acoustic 
designs.   
The overall use of retroreflection is mostly in the fields of optic and radar, where the 
wavelengths are much smaller than sound waves, therefore lowering the size requirement of 
retroreflectors. The main areas of application for retroreflective surfaces are for high visibility 
surfaces (Lloyd, 2010), radar targets (Somerstein et al., 1989), photoelectric switches 
(Nakamura, 1991) and other uses involving the need to retroreflect beams of energy. Most 
notably, high visibility surfaces such as patterns on clothing (Billingsley, 1997), on roadway 
signs (Trachtenberg, 1981) or insular sheeting (Tolliver et al., 1991) are widely in application. 
Some retroreflection techniques used in optics make the use of refraction, with lenses and 
mirrors (Fu et al., 2018). While these applications are clearly demonstrated, the acoustic aspect 
of retroreflection, while of great interest, is not well documented.  
A common and simple geometry of a retroreflective elements is based on three orthogonal 
mirrors intersecting at their base to create a right angle concave cube corner, otherwise referred 
to as a ‘corner cube’ (Somerstein et al., 1989), ‘corner reflector’ (Shan et al., 2013) or ‘trihedral 
reflector’ (Eckhardt et al., 1971). While this is a three dimensional geometrical element, some 
two dimensional ‘saw-tooth’ surfaces, where the base of intersecting surfaces forms a right 
angle corner, have been shown to provide some form of voice support in auditoria, providing 
second order reflections back to the source (Cox et al., 2009). Generally, with ray propagation 
theory, it can be determined that retroreflectors will provide a strong third-order reflection 
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back to the source, while still providing some second- and first-order reflections for some 
incident angles.  While the basic geometry for corner cubes is the easiest way of obtaining 
retroreflection, other geometries or shapes have been shown to provide a similar effect to 
retroreflection. One of these is defined as a van Atta reflector (Walther, 1962), where a 
network of pipes provides a spatial reversal to transport the reflected sound back to its surface.  
When considering the effect or retroreflection on room acoustics, it should be borne in mind 
that a single retroreflector will not provide enough retroreflection in order to be noticeable. 
Although the corners of a simple rectangular room form eight separate corner reflectors, no 
special attention is usually given to these. The human perception attributed to retroreflectors 
is of interest when an extensive array of individual retroreflective elements is presented, where 
every single element will return sound back to the source. This could include elements that 
make up a full surface of a room, such as a wall, ceiling or even all surfaces. With a multitude 
of individual retroreflections, the reflections will have the potential to sum sound energy at a 
focal area (at and immediately around the source). This focusing type varies from previously 
researched unusual geometrical elements or shapes. Vercammen (2012) considers how the 
reflection pattern of spherical and general circular surfaces provide some coherent focusing 
because of their regular surface geometry. In contrast to this, retroreflection can be defined as 
temporally incoherent focusing, as the path lengths from source to each retroreflective element 
will typically vary, yielding reflections that are spread out in time, providing a temporally 
diffuse focal area. For a circular geometry, the coherent pressure focusing at the centre will be 
greater than the incoherent focusing of a retroreflective array. Movement of a source in the 
vicinity of the focal area of a circular geometry will result in some phasing and major changes 
in the sound field. On the other hand, a retroreflective array could provide increased reflected 
energy to a focal point at each source in a room, even if the sources move (within the range of 
incidence of the retroreflector array).  
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The general performance of retroreflective surfaces or arrays is usually based on their far field 
capabilities, where the retroreflective element’s size is much larger than the wavelength being 
reflected. For example, the visible spectrum consists of wavelengths between 400 and 800 
nanometres (King et al., 1978), therefore require small retroreflector apertures. However, in 
room acoustics, the major field of interest is the room itself, which is usually a lot smaller than 
the path length of far field measurement for optics. The typical room acoustic measurement 
involves source to receiver distances that are similar to a room surface size. For the 
wavelengths of the hearing spectrum (sizes from 17.15 m for 20 Hz and 0.01715 m for 20 
kHz), the surface size would have to be consistent with the target frequency spectrum. The 
complexities of wavelength size, source to receiver distance as well as source to surface 
distance together with different sizes of retroreflectors will present a design challenge for 
effective retroreflection in architectural acoustics.  
An area of acoustic retroreflection which has been previously mentioned, and more recently 
studied, is building facades. The acoustic reflections usually attributed to building facades are 
either specular for flat surfaces, or scattered for uneven surfaces. It is also common for building 
facades to contain right angled protuberances that could be regarded as a retroreflector, for 
example the bottom of balconies or extruded window seals. Although potentially 
retroreflective, these kinds of facades have rarely been demonstrated to have retroreflective 
attributes (albeit never measured for such). Crawford (1991) first noticed that the underside of 
a multitude of balconies on a multi storey building, all at a right angle with the building façade, 
provided increased levels of reflected sound, while clapping hands in their vicinity. At a 
location where multiple of the corner cubes formed by the balconies, Crawford noticed the 
audible reflective level increase, then moving to a position with no view of the balcony corner 
cubes and noticing that the reflections were less audible. The more recent study, by Cabrera 
et al. (2018) (the author of this thesis is a co-author), aimed to investigate a building façade 
that contains over 255 trihedral corner cubes. The façade of the Ports 1961 Shanghai flagship 
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store (UUfie Inc. Architects) presents an unintentional occurrence of intense retroreflective 
surfaces, which are readily accessible to the public. Several measurement mediums were used 
to determine the effectiveness of the building’s retroreflective corner cube array, including on-
site measurements, laboratory measurements and computational acoustic modelling of the 
façade’s sound field. Results clearly demonstrated an increased amount of reflected energy at 
a wide variety of source locations. 
The use of computational simulations has been useful to determine the acoustic characteristics 
of a room. A small study by Arbibi et al. (2014) in the field of optical retroreflection used an 
FDTD technique to evaluate the incident properties from a Gaussian beam at an angle of the 
retroreflector. The results reached indicate a strong retroreflection with 88% of the incident 
beam being reflected, with a 5 dB reduction with ±5º. Whilst the study is simplistic in design, 
the conclusion reached provides a clear indicator that the use of a wave based numerical 
method to evaluate retroreflection is not only valid, but is already used. This study made the 
use of the FDTD method in two dimensions, while the FDTD solver used in this thesis utilises 
three dimensions. Other studies (Monzon et al., 2006; Fu et al., 2005) have also made the use 
of FDTD simulations to explore retroreflective surfaces, although in other fields.  
 
1.4 PSYCHOACOUSTICS 
 
 
Hearing the sound from one’s own voice, leading to an instinctive adjustment of one’s 
own voice projection, is defined as the autophonic response (Lane et al., 1961). A well-known 
autophonic response is the Lombard effect (Lombard, 1911). This effect is a systematic 
increase in voice level between a talker-listener, when the ambient noise level rises. Another 
similar effect is sidetone compensation, although usually referred to for telecommunications 
(Black, 1954), but operates on the same autophonic concept of raising one’s own voice to 
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compensate for a noisy background. The autophonic response that a talker makes in a room is 
composed of two main elements, direct and indirect auditory feedback. For the direct auditory 
feedback, two components are considered, the bone-conducted sound (Pörschmann, 2000) and 
the airborne sound from mouth to ear (Reinfeldt, 2010). The indirect auditory feedback is 
described as any reflected sound from a room. These pathways make up the autophonic 
perception (Cabrera et al., 2013). The auditory characteristics of a room are usually 
represented as the room impulse response, and the oral-binaural room impulse response 
(OBRIR) captures the room’s effect on the sound emitted from a person’s mouth to their own 
ears in a room. It is understood that the perception of sound will differ from room to room, 
which is an effect of the room’s acoustic characteristics. For example, two rooms with the 
same conditions will sound different if the room size is changed (Yadav et al., 2013). To 
characterize the acoustic attributes of a room in terms of the autophonic response, OBRIRs 
can be measured to replicate a talker. The use of a person to evaluate a room is a tool that is 
often used, but has severe limitations, in the voice power, stability of the measurement position 
and so on. To alleviate these limitations, a dummy head and torso are commonly used to 
simulate a talker in a room. The simulated head contains a simulated mouth and two simulated 
ears, the mouth is set to a standard opening size, and the ears are replicated with an ear canal, 
a pinna and a microphone at the ear drum. The dimensions used for the simulator are adherent 
to ITU‐T Rec. P.58. There are several ways of quantifying a OBRIR in terms of the room it 
is measured in. The method used in this thesis (chapter 3 and 4) is voice support, or how the 
room’s reflections provide support to a talker relative to the voice output. Voice support is a 
parameter of an OBRIR, that is usually used in auditoria acoustics or for large rooms, where 
speech is expected to be highly intelligible. From its predecessor, the Room Gain (Brunskog, 
2009), voice support takes into account the overall room reflections back to the ears of the 
source to quantify how much support the room offers the source (Pelegrín-Garcia, 2012). 
 
14 Introduction 
 
1.5 ACOUSTIC CONTROL IN ROOMS: RESEARCH AIMS 
 
 
The acoustic characterisation from varying shapes and geometries of a surface on the 
sound field of a room is well-documented. The predictable nature of such surfaces provides 
consistence when used. It is therefore rare for unusual geometries to be present in everyday 
rooms for an acoustic purpose, unless prescribed for such. This thesis presents the notion that 
somewhat unusual, or just less common geometries, as part of a surface of a room, could 
provide greater acoustic control over the sound field of a room. Firstly, a case study involving 
the spatial variation of geometrically placed absorptive panels in an elongated space, to show 
how the spatial placement of material and its own geometry can affect the sound field of a 
room. Then, the acoustic characterisation of retroreflection is determined, using a variation of 
methods. With measurements and simulations, as well as the use of known metrics such as 
voice support, this research aims to quantify, analyse and determine the usefulness of 
retroreflectors in room acoustics. Although this aim might not be reached within the scope of 
this thesis, further research by others is encouraged. 
In relation to retroreflection, the aspects of autophonic response and the reflected sound 
field are potentially very interesting. With the theoretical basis stated above, it can be expected 
that a talker in a room, with a substantially sized retroreflective surface in view of the mouth, 
would expect to receive an increase in the reflected energy back to the ears. While this has 
been partly proven in Cabrera et al. (2018), only the energy at the ears is measured. The 
measured voice support showed values exceeding the summed direct energy in the higher 
octave band, already indicating a strong reflection pattern for a small array of retroreflectors.  
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CHAPTER 2 
GEOMETRICAL PLACEMENT OF 
ABSORPTION ON A CORRIDOR CEILING: 
EFFECT ON SPATIAL DECAY OF SOUND 
 
 
The research presented in this thesis focuses on the various ways that surface 
geometries in the form of acoustic treatment play a prominent role in room acoustics. This 
chapter pursues the notion that the surface geometry of a sound absorptive treatment alters the 
acoustic field of a room. With a constant amount of absorptive material, various geometrical 
arrangements of sound absorption on a surface of a long room (i.e. a corridor) are shown to 
yield substantially different spatial decay of sound along the length of the room. 
Sections 2.1, 2.2 and 2.5 contain text extracts and figures from the conference paper 
‘Comparison of ceiling absorption placement configurations in a corridor’2, where the basis 
and aim of the chapter is described, and section 2.3 presents a further investigation into the 
research outlined beforehand. 
The notion of examining the spatial attenuation of sound in a corridor came early in the period 
of research for this thesis, prior to the concept of a retroreflective treatment of a room had 
formed. Ultimately, it was this study of various ceiling geometries for acoustic treatment that 
led to the idea of retroreflective elements for sound control, which was then formed into the 
basis of the subsequent chapters. 
                                                 
2 Caldwell, H., Yadav, M., Cabrera, D. (2017). Comparison of ceiling absorption placement configurations in a corridor. ACOUSTICS 2017 
Perth: Sound, Science and Society - 2017 Annual Conference of the Australian Acoustical Society (AAS 2017), Perth: Australian Acoustical 
Society. 
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2.1 INTRODUCTION 
 
Compared to other parts of a building, generally little to no regard is given to the 
acoustic properties of corridors. Long corridors represent a distinctive acoustic environment, 
compared to typical room acoustics. Although this distinction is made, classic room theory is 
still used to approximate the sound distribution in corridors (Kang, 2002). These are inadequate 
due to the length of corridors, the presence of close (usually hard) reflecting surfaces, 
sometimes abrupt bends, and usually a lack of absorptive (or diffusive) treatment (Kang, 2002). 
Apart from the noise due to impact sources (such as footfalls, heels, etc.), the other sources of 
noise can include transmission to and from any connecting rooms and whatever sources are at 
the corridor’s ends. Some studies have been performed on the prediction and calculations for 
the acoustics of long enclosures, proposing formulas (Yamamoto, 1961; Davies, 1973; Kang, 
1996a) that can be used to predict sound attenuation along a length. The long spaces used in 
past studies include a long street with tall building facades on either sides (Oldham, 1994; 
Schroeder, 1973), or a long corridor in an underground station (Kang, 2002) to measure speech 
intelligibility for public address system design criteria. 
For this case study, a corridor in a University building is considered, leading into open-plan 
offices, as this is one of the primary areas where speech-based sound transmission or ‘leakage’, 
often at a higher level than usual, can occur (and is generally not preferred), as workers enter 
or leave the quiet of the office space (Davies, 1973). While many architectural and acoustical 
elements are taken into account whilst designing open-plan offices, corridors are much less 
likely to include some of the elements used for noise reduction, such as screen partitions, sound 
absorptive walls or general absorption. The noise transmitted from corridors to office spaces 
may compound the detriment of several factors relating to office productivity such as general 
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office noise and speech distraction, which have been reported (Jensen et al., 2005) as the main 
sources of indoor environment problems in open-plan offices.  
The approach used to quantify the effect of absorptive treatments in corridors of open-plan 
offices is to estimate the potential distraction using speech transmission index (STI). Hongisto 
(2005) developed a model capable of predicting the loss of work performance as a function of 
STI, which was later incorporated in the international standard that characterises the acoustics 
of open-plan offices (ISO 3382-3 2012). This model has a sigmoid shape with the steepest 
decrease in task performance for 0.3STI0.5 (subsequent studies have suggested a refinement 
of this model, as reviewed by Haapakangas (2017) and Yadav et al. (2017)). Beyond an STI of 
0.5, referred to as the distraction distance (rD in meters), task performance is supposed to 
increase, which more-or-less means a reduction in the detrimental effect of speech. The work 
of Venetjoki et al. (2006), Haapakangas et al. (2008) and Haka et al. (2009) provide further 
evidence that a high STI has a more detrimental effect on work productivity than other 
surrounding noise sources with the same sound pressure level. Furthermore, distraction 
distance has recently been shown to be the metric most closely related to subjective impressions 
of office workers out of all the ISO 3382-3 metrics (Haapakanas et al. 2017, Yadav et al., 
2017), and is used in the present case study. 
The other metric used in this study is the speech-weighted spatial decay rate of sound pressure 
level (SPL) over distances, as specified in ISO 3382-3 (2012). Although sound attenuation over 
a long space and STI determinations have been studied extensively before (Kang, 1996b) using 
formulas mentioned above, specifying a speech-weighted spatial decay of SPL will provide a 
better indicator of speech related noise issues that arise in corridors. A simple way of aiding 
the spatial decay of SPL over distance is to provide some absorption within the space. 
Equivocally, adding absorption may also reduce STI by reducing speech level, but this may 
also lower background noise and reverberation time, which would contribute towards the 
opposite effect on STI. In a corridor, since the area that is accessed by people will generally 
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not be ideal for placing absorptive treatment, the ceiling above head height can be seen as an 
ideal area to provide some high noise absorption. 
With the above in mind, the aim of this case study is to test and evaluate different ceiling 
absorption spatial configurations in a corridor to determine the performance of these 
configurations in providing increased spatial decay rates of speech-weighted SPL and in 
lowering the distraction distance of a source using the ISO 3382-3 (2012) method. 
  
2.2 MODEL TUBE AND CORRIDOR 
 
 Two sets of measurements were made, one simple and indicative in a model tube (with 
the approximate shape of a corridor; Figure 2.1) and one in a full-scale corridor (Figure 2.2). 
Both these measurements included ceiling absorption in five different configurations: 
• Empty: no added absorptive material 
• Horizontal: flat absorptive panels forming a uniform layer along one of the surfaces 
• Transverse: vertically oriented absorptive panels placed at equal intervals perpendicular 
to the length, along one of the surfaces 
• Diagonal: vertically oriented absorptive panels placed at equal intervals at about 45 
degrees with respect to the length, along one of the surfaces 
Figure 2.1: Photographs of the five absorption configurations (Empty, Horizontal, Transverse, Diagonal and Long), as 
arranged in the model tube. 
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• Long (refers to longitudinal): vertically oriented absorptive panels placed to form two 
straight uniform vertical lines at equal distances to the side walls, parallel to the corridor 
walls 
Other than the empty configuration, the amount of absorptive material used for each 
configuration was held constant. 
The absorptive materials used for the configurations above were tested in an impedance tube 
to determine their normal incidence absorption coefficients (Figure 2.3). The corridor 
material’s single number ratings are aw = 0.95 and NRC = 0.68. Single number ratings are not 
given for the tube material due to its arbitrary scaling. 
Figure 2.2: Corridor measurement setup with source – receiver placement and absorptive material in the 
horizontal (A), diagonal (B) and transverse (C) configurations. 
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2.2.1 MODEL TUBE APPARATUS  
 
The model tube used for these measurements (L:1.5 m x H:0.1 m x W:0.1 m) is made 
of varnished heavy timber (figure 2.1). The sound source was a Gallo Acoustics (San Antonio, 
TX, USA) loudspeaker with a 76.2 mm driver, which covered almost the entire aperture of one 
end of the tube. The other end of the tube was made fairly anechoic by filling it with 0.3 m of 
fibre glass wool. The material used to provide absorption was 0.005 m thick synthetic felt. It 
was cut and shaped to fit along the length of the tube whilst maintaining the different 
configurations. The material itself was chosen for its ease of access (during the measurement 
period) rather than its performance. No specific consideration was given to the materials or 
apparatus used in this measurement. 
 
 
 
Figure 2.3: Normal Incidence absorption coefficients of the materials used in the corridor and model tube.. 
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2.2.2 CORRIDOR APPARATUS AND MEASUREMENT 
 
The corridor used for this measurement (L:14 m x H:2.75 m x W:1.5 m) includes 
several wooden doors with door frames along its length, along with cable trays and steps. For 
measurement purposes, both ends of the corridor (including the steps) were treated with 
absorptive polyester wool panels (Kang, 2002) (figure 2.4). Fourteen measuring positions were 
defined, at 1 m increments along the length and at a height of 1.2 m (Kang, 1998). The same 
five configurations as used in the tube (Figure 2.1) were tested in the corridor ceiling, with the 
surface area of material being held constant. The material used was 0.075 m thick polyester 
wool panels. This material was cut to fit between the suspended cable trays and the ceiling, 
with a height of 0.4 m. Both the transverse and diagonal accounted for a 0.4 m gap between 
Figure 2.4: Semi-anechoic termination at one end of the corridor.  
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each element. This gap size was specified as to keep the surface area a constant. Absorptive 
material accounted for approximately 14.5% of the corridor cross-section area. In order to 
avoid strong influences of room modes on measured pressure, two microphones were used, 
one centred to the corridor width and another one 0.2 m to the side and the results were 
averaged (Davies, 1973). The microphones used were omnidirectional measurement 
microphones (Earthworks M30). The source used was an omnidirectional loudspeaker (B&K 
Omni Source Sound Source Type 4295). The signal emitted from the source was an exponential 
sinusoidal sweep spanning 16-16000 Hz. The rest of the apparatus and the signal chain was the 
same as described in section 2.2.1. To comply with the measurement method described in ISO 
3382-3 (2012), the corridor was measured in both directions for each configuration, where the 
source would be located at either end of the corridor for each set of measurements. 
 
2.2.3 DATA ANALYSIS 
 
 
For both the model tube and the corridor recordings, the relevant acoustical parameters 
were derived from calibrated impulse responses (IR; causal part trimmed at one second) for 
each source-receiver-material configuration within AARAE (Cabrera et al. 2014) and further 
processing was done within Microsoft Excel and Matlab.  
For the model tube measurements, octave-band sound levels (in dB) were derived. While the 
tube was readily available, its dimensions did not scale to a usable multiple of the corridor in 
all its dimensions. An approximate working scaling factor could not be determined due to the 
cubic shape of the tube. For each band, the sound levels were converted to level attenuations, 
with reference to the averaged level of the five treatments at the closest microphone position 
(0.1 m) from the loudspeaker. These level attenuations, which were expected to vary for the 
five absorption configurations, were intended to not only provide a proof-of-concept before a 
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full scale measurement of an elongated space, but also a reference for future comparisons in 
highly-controlled spaces. Subsequently, no further analysis or correction was deemed 
necessary. 
For the real corridor measurements, the data was converted to speech-weighted values (Table 
2.1) using the method outlined in ISO 3382-3 (2012) and analysed further for the five 
absorption configurations as follows: 
Case 1: As 125–8000 Hz octave-band sound pressure levels (SPL; in decibels). 
 Case 2: As spatial decay-rate of A-weighted speech SPLs, per distance doubling (D2,S). Instead 
of D2,S for the entire 2-13 m range of the measurement positions, ‘near’ and ‘far’ ranges 
corresponding to 2-8 m (nearD2,S) and 8-13 m (farD2,S) are considered here. This allowed 
comparisons of the effect of the absorption configurations within near and far ranges from the 
source, which may have some relevance for deciding on the absorption distribution along the 
length of a long corridor. 
Case 3: As distraction distances (rD in m). Speech transmission indices (STI) for deriving rD 
were calculated using AARAE (Cabrera et al. 2014 a,b). To comply with the ISO 3382-3 
(2012) STI determination, auditory masking, hearing threshold and gender specific differences 
were not included. 
Case 4: As the A-weighted SPL of speech at 4 m, Lp,A,S,4 m in dB. 
To avoid confounding issues, values for background noise in indirect STI measurements 
calculations were held constant, based on a Room Criterion Mark II of RC35 (ANSI/ASA 
S12.2 2008) and followed the method outlined in BS EN 60268-16:2011 (p.26, S.6).  
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For each of the cases above, separate statistical analyses were performed in the software R (R 
Core Team, 2013). Since the performance of the five absorption configurations was measured 
by the same twelve measurement locations in the corridor (1 m measurements omitted from 
further analysis), this represents a repeated-measure design, where the parameters derived per 
measurement location are correlated. These parameters, or response variables, were different 
for each case: octave band Leq in case 1, LAeq in case 2, D2,S for case 3; speech-weighted values 
in each case. Mixed-effects models (one per case) were used to fit these response variables 
(fixed-effects in the mixed model) as a function of the different absorption configurations. The 
dependency of each configuration’s measured values on the measurement microphones’ 
location in the corridor was modelled as a random-effect (measurement location within 
configuration) in each mixed model. The mixed-effects models were created using the lme 
function from the nlme package (Pinheiro et al. 2014), using the maximum-likelihood method 
for estimating the parameters in the analysis. Post-hoc analysis was done using the function 
glht from the package multcomp (Hothorn et al 2013), with the means per configurations 
compared using Tukey’s contrasts method. 
 
 
Table 2.1: Extracted from ISO 3382-3 (2012) The linear sound pressure of speech at a distance of 1 m in free 
field from the speaker and the A-weighting of octave bands. 
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2.2.4 MODEL TUBE AND CORRIDOR RESULTS  
 
 
The model tube results provided a clear distinction between the different configurations 
measured. The results were only used as indicative and would be out of context for this case 
study due to the non-scalability and different analysis of the model tube in relation to the 
corridor measured. With this said and as a generalised summary, a clear distinction between 
configurations of absorptive material could be noticed. These results were seen to serve their 
purpose of encouraging further investigation of the different configurations in a full corridor. 
Figure 2.5 shows the speech-weighted octave-band SPLs for the five absorption configurations. 
The mixed model analyses for case 1 in each octave-band showed similar trends for the most 
part. Overall, the absorption configuration used had a significant effect on the speech-weighted 
SPL (this result is for the 500 Hz band, but other bands had similar statistics), 2(4) = 50.8, 
p<.01. Post-hoc tests are presented in two parts. Overall, the speech-weighted levels were 
significantly higher in the empty configuration than the other absorption configurations, which 
can be expected as the adding absorption in any configuration should lead to lowering of sound 
levels (Figure 2.6). As far as the differences between the absorption configurations other than 
the empty one is concerned (i.e., horizontal, transverse, diagonal, long and transverse), Table 
2.2 shows the cases where significance was reached in individual post-hoc tests for octave-
bands. Over the octave-bands (except 4000 Hz), the transverse configuration (shown in bold 
in Table 2.2) showed significantly lower levels more than any other configuration. 
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Figure 2.5: Speech-weighted octave band SPL for the corridor measurements. 
NOTE: The SPL scale for each subplot differs 
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From Table 2.3, presenting the results from the ISO 3382-3 (2012) methods (modified slightly 
here), it can be seen that for the close distance range (2-8 m), the spatial decays of A-weighted 
speech (nearD2,S) of all the configurations are similar. The averaged decay rate for the four 
absorption configurations is 2.4 dB, and with no absorption has a 1.4 dB decay rate (i.e. ~ 1 dB 
lower). However, the range of decay rates is more pronounced if the far range (8-13 m) is 
considered, with the transverse configuration exhibiting ~ 1.5 dB higher values (not 
considering empty configuration). Finally, the A-weighted speech level at 4 m from the source 
shows a lower value for the transverse configuration. No further statistical analysis was used, 
mostly due to the limited sample size and complexity of the measurement performed. 
Distance (m) 
Figure 2.6: A-weighted SPL for all absorption configurations and empty configuration. 
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The distraction distance (rD) values (Table 2.3), where lower values are preferred (Hongisto, 
2005), demonstrate that a transverse configuration provides a lower distraction distance by 
about 4 m compared to an empty configuration. Other configurations only provided a little 
improvement in comparison – by about 1 m for the horizontal configuration and by 
approximatively 2 m for diagonal and longitudinal configurations. However, the results for 
distraction distances here should be interpreted within the context of the corridor measurement 
scenario, which is different to the more typical use of distraction distance in ISO 3382-3 (2012). 
The latter is used to characterise cognitive performance increase for workstations with STI0.5 
from the speech source. Whereas in the case of the corridor measurement, the aim in using the 
distraction distance metric is to enable a comparison of the spatial decay of STI for the five 
absorption configuration and do not characterise cognitive performance. In this regard, 
although the results show a decrease in the distraction distances for the four absorption 
configurations compared to the empty one, it should be borne in mind that adding absorption 
will have affected the STI in two opposite ways: reducing the speech level reduces STI, while 
reducing reverberation time increases STI.  
Table 2.2: Post-hoc comparison of speech-weighted SPL where standard significance was reached (p<.05) 
for geometrical configurations other than empty, per octave band. Columns 3-5 show the estimated differences 
of the comparison, the associated standard error (SE) and z-value, respectively.  
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The cable tray apparent in figure 2.2 can provide some unwanted hard surface area under the 
absorption material. The corridor used for this study can be readily found and already contained 
these cable trays. In order to keep the measurements as realistic as possible, they were left in 
place, and supported entirely the absorptive material. Also, the design of the cable trays, which 
include holes, may be apparent in many corridors. 
 
2.3 SIMULATION OF CORRIDORS USING A FDTD METHOD 
 
2.3.1 MOTIVATION FOR FURTHER RESEARCH 
 
The case study outlined in the sections above has shown that the metrics used in ISO 
3382-3 (2012), with some minor modifications, can be used to interpret the acoustic 
characteristics of a measurement in a corridor in relation to speech related issues. It has also 
shown that a transverse configuration of geometrically placed absorptive material on a ceiling 
performs better for the spatial attenuation of speech-weighted SPL, and provides a shorter 
distraction distance. Both the model and measurement were readily available and were used 
because of ease of access. Although it could be argued that a better choice of corridor or testing 
equipment could be made, a simple way to reproduce the measurements of the corridor is by 
 Empty Horizontal Transverse Diagonal Long 
D2,S (dB) 1.4 4.1 2.0 
 
2.2 5.9 3.0 
 
2.4 7.4 3.6 
 
2.5 5.9 3.5 
 
2.5 6.6 3.5 
 
rD (m) 17.8 16.6 13.9 15.7 16.2 
Lp,A,S,4 m (dB) 55.63 55.44 54.08 55.34 55.23 
Table 2.3: The five absorption configurations for the corridor measurement, first row is spatial decay rate of A-
weighted speech SPL per distance doubling (D2,S), for near (2-8 m in yellow), far (8-13 m in green) and the full corridor 
(2-13 m in orange) ranges. Second row shows distraction distance rD.. Third row shows the A-weighted speech level at 
4 m Lp,A,S,4 m . 
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using a computational simulation. Running the corridor through computational simulations 
allows for a better control of the measurement parameters. This will help pursue the aim of the 
study further, where all of the above geometrical configurations of absorptive material were 
simulated; as well as some more complex geometries, to explore the impact of geometrical 
placement of absorption has on a corridor in a highly controlled environment. 
 
2.3.2 SIMULATION METHOD 
 
 
 A geometry was modelled in three dimensions using Rhino 3D ©, where simplifications 
were made to the corridor of the previous section, retaining only the general dimensions of the 
corridor (L:14 m x H:2.75 m x W:1.5 m). The different absorption configurations defined in 
2.2 as well as the more complex geometries (figure 2.9) were modelled. The more complex 
geometries are defined as: 
• Cross: a cross of two diagonal panels of the same width, intersecting through their 
centre, along the length 
• Angled Long: Similar to the Long configuration, panels were angled slightly outwards, 
so the bottom of the panel would touch the side wall at an equal distance of the top of 
the panel would touch the ceiling, forming an isosceles triangle with the panel as the 
hypotenuse. 
• Moon: (refers to a half-moon) is a half cylinder shaped panel in the same setting as the 
transverse configuration. 
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The additional geometries were chosen as variants of the existing ones that could provide 
improved results. 
The FDTD method described in 1.2.2 was used for this simulation, where 150,000 time steps 
were prescribed, to account for any late reflections that might occur along the length and STI 
determination (BS EN 60268-16:2011 (p.26, S.6)) and a maximum sampling frequency of 110 
kHz, to try to reach parts of the upper 8 kHz octave band. The packaged simulation was run on 
the Artemis cluster described in 1.5.3. Each pbs script was set for one hour of wall time, with 
16 gigabytes of RAM memory per node and four CPUs nodes per chunk requested. The dx 
value for the simulations was approximately 0.0054 m, which meant that the modelled 
geometry elements and meshes were separated by at least two times dx voxels (Kowalczyk, 
2009).  
The modelled corridor exterior meshes were set as a fully reflective layer and all the interior 
elements, including the boundaries at both ends of the corridor and absorption configurations 
Figure 2.9: Cross section and top view of new corridor configurations. 
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were set as a full absorptive layer (1.5.2). Receivers and sources were simulated at the same 
location as the corridor measurements; the source used for the simulation was set as transparent 
(Schneider et al., 1998). The same measurement method was used in the simulation, with the 
two adjacent receivers separated by 0.2 m and simulations for the source at each end of the 
corridor. Figure 2.10 and figure 2.11 shows the step of the wave propagation of the corridor in 
the transverse configuration. 
 
2.3.3 DATA ANALYSIS 
 
 While the medium of the measurement method has differed, the general analysis used 
for the simulation outputs is similar to the one described in 2.2.3. Although efforts were made 
to try and replicate the statistical analysis provided in the latter portion of 2.2.3, both resources 
and access to the software used at the time of the previous analysis could not be achieved. 
However, all the ISO 3382-3 (2012) metrics used above were derived using the same analysis 
method. The same criteria for the determination of all the metrics (STI, nearD2,S, farD2,S, D2,S, 
rD and Lp,A,S,4 m) were used.  
 
 
 
Figure 2.10: Simulated corridor visualisation for the sound wave propagation of the FDTD solver in the transverse configuration. 
Figure 2.11: Simulated corridor visualisation for the sound wave propagation (without the geometry present) of the 
FDTD solver in the transverse configuration. 
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2.3.4 SUMMARY FOR SIMULATIONS 
 
 Figure 2.12 shows the speech-weighted SPL of all the simulated corridors per octave 
band. These present a trend in the spatial attenuation of speech-weighted SPL along the length 
of the corridor for the 1 – 8 kHz octave bands for the transverse, diagonal, moon and cross.  
Figure 2.12: Speech-weighted octave band. 
NOTE: The SPL scale for each subplot differs 
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Contrary to that trend, the empty and angled long configurations are similar in providing a 
lesser attenuation over distance. While the SPL scale differed for each octave band, an 8 – 10 
dB SPL attenuation over the full distance can be noticed for the best performing absorption 
configurations at octave bands 1 kHz and above.  
Table 2.4 presents the ISO3382-3 (2012) metrics, where the nearD2,S (dB) is presented in 
yellow, farD2,S (dB) is presented in green and the full D2,S (dB) in orange. Distraction distance 
rD (m) and the speech level at 4 m Lp,A,S,4 m (dB) are also presented. 
  The D2,S and its variants (near and far) present some slightly unusual results. The calculation 
of this metric is based on the spatial decay rate of speech-weighted A-weighted SPL per 
doubling of distance, where very large distances with smooth surfaces along the length will 
provide lesser values that a shorter distance with absorptive material in a numerical simulation. 
The results shown in table 2.4 for the near evaluation of D2,S describe a close spatial decay rate 
for most configurations, between 2.5 – 2.7 dB, with the empty and angled-long configurations 
close to 0 dB. The far values present a slightly more interesting view, with the long 
configuration performing the best at 2.5 dB. The D2,S values are similar, between 2.1 – 2.5 dB 
for most configurations and close to 0 for the empty and angled-long. 
The distraction distance values show a lower value for the transverse, diagonal and cross at 
about 11 m, with the empty configuration at 14 m. The abnormal value for the angled-long 
configuration, which is about 1 m greater than the empty configuration, is an outlying case. 
 Empty Horizontal Transverse Diagonal Long Cross Moon A-Long 
nearD2,S (dB) 0 2.7 2.6 2.6 2.5 2.7 2.7 0.3 
farD2,S (dB) 0.9 1.7 1.8 1.3 2.5 1.4 0.9 1.6 
D2,S (dB) 0.2 2.5 2.2 2.2 2.4 2.3 2.1 0.7 
rD (m) 14 12.5 11.2 11.5 13.8 11.3 11.8 15.5 
Lp,A,S,4 m (dB) 56.74 52.44 51.90 51.79 53.36 51.95 52.10 56.23 
Table 2.4: The five absorption configurations for the corridor simulation, first row is spatial decay rate of A-weighted 
speech SPL per distance doubling (D2,S), for near (2-8 m in yellow), far (8-13 m in green) and the full corridor (2-13 
m in orange) ranges. Second row shows distraction distance rD.. Third row shows the A-weighted speech level at 4 m. 
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This is partly due to the highly controlled nature of the simulation, where the absorptive 
material placed in the angled-long configuration simply did not perform as expected.  
Finally, the A-weighted SPL of speech at 4 m from the source (Lp,A,S,4 m) shown in the third row 
of table 2.4 presents a similar pattern as for the other metrics, where the transverse, diagonal 
and cross configurations provide lower levels.  
 
2.4 GENERAL DISCUSSION  
 
 
This case study presents a novel analysis method to interpret the sound field of a 
corridor. While the ISO 3382-3 (2012) standard method is intended for the measurement of 
open plan offices of medium to large size, its use in the context of a corridor is valid, and 
provides indicative results that could be used in future designs. The results derived from the 
metrics above could help alleviate the distracting occurrence of speech-related noise 
transmission from corridors to open-plan offices. 
Three different mediums were used, a model tube, a corridor and a numerically simulated 
corridor. As the simulation involved more geometries, it is discussed separately. 
 
2.4.1 MODEL TUBE AND CORRIDOR DISCUSSION 
 
 
The model tube measurements and results were used as a precursor to the larger 
measurement of an actual corridor. Due to the non-scalability of the data, the model tube was 
analysed with a simple A-weighted octave band interpretation. When it was noted that some 
spatial geometrical configurations of absorption material provided a better spatial decay of 
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SPL, the corridor was measured with the same spatial configurations of absorption. Although 
it could be argued that the noise transmission from a corridor into an open space might not be 
of the greatest concern, the implication of using a speech based analysis method, and looking 
at what effect transmitted speech related noise would have, is of great value. The results driven 
from the analysis using the ISO 3382-3 (2012) method are shown to provide an adequate 
estimation of the effect of speech related noise propagation in a corridor. With this said, the 
results shown can only be interpreted as indicative, as the validity of using the ISO 3382-3 
(2012) for a corridor has not yet been fully established.  
The spatial attenuation of SPL of the model tube shows that the transverse configuration 
provides an increased spatial decay rate, both in octave bands (specifically 1 – 2 kHz) and in 
A-weighted SPL. For the corridor, the first stage of the analysis, as speech-weighted octave 
bands SPLs, showed a similar pattern to the model tube, where the transverse configuration 
performed somewhat better than the others. However, the analysis of the configurations in the 
model tube and corridor differ (due to non-scalability and no speech-weighting of SPL values 
of the model tube) and therefore cannot be interpreted in terms of each other. The second case 
of the corridor analysis showed the spatial decay rate of A-weighted speech SPL per doubling 
of distance (D2,S) for the near (nearD2,S) and far (farD2,S) fields of the corridor. For this metric, 
it was deemed necessary to evaluate the sound field of the corridor close to the source, and in 
the far range of the corridor, to evaluate the effect the different absorption configurations would 
have on each sound field. The nearD2,S values for the corridor did not demonstrate great 
differences between configurations with absorption,  although a clear difference can be seen 
between the empty configurations and all others. Nevertheless, the farD2,S values for the 
corridor indicated that the transverse configuration provides a steeper spatial decay per 
doubling of distance with 7.4 dB SPL – about 3 dB higher than the empty. Although the far 
range offers promising results, the full range (D2,S) results do not vary much; whilst still 
exhibiting a lower value for the empty configuration. 
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The distraction distances presented in table 2.3, where shorter distances are preferred, indicate 
that the transverse configuration has the shortest distraction distance, where the STI lowers 
below 0.5 and speech sounds become less distracting (Hongisto, 2005). When the size of the 
corridor is known, a distraction distance that is longer than the size of the corridor could mean 
that distracting speech sounds with an STI above 0.5 could leak into the open-plan space and 
cause distraction. This interpretation of this metric could have implications towards a design 
guideline, stating the length of the corridor as the maximum distraction distance. However, the 
ISO 3382-3 (2012) only takes into consideration one source – one talker, which is an 
oversimplification of the source speech sounds that can typically be found in a corridor. Also, 
a study by Yadav et al. (2017) has found that multiple simultaneous talkers are more distracting 
than one active talker, and therefore exposes a flaw with the assumptions in ISO3382-3 (2012).  
Finally, the last metric specified is the A-weighted SPL of speech at 4 m (Lp,A,S,4 m) shows only 
a slight variation between the transverse and other configurations. 
 
2.4.2 CORRIDOR SIMULATION DISCUSSION 
 
The additional geometries that were modelled and simulated for the further research 
were derived from the existing measured geometries of absorptive material. The cross 
configuration is a split between the transverse and diagonal, the moon is a variation of the 
transverse and the angled-long is a variation of the long configuration. While the cross and 
moon configurations resembled the transverse, which was at this point the best performing 
configuration, the angled-long configuration was thought of as a better version of the long 
configuration. The analysis remained the same from the corridor measurement, while 
accounting for the new configurations. The ISO 3382-3 (2012) metrics for the simulation are 
presented below. 
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The speech weighted octave band SPLs for the simulation (figure 2.12) show that while the 
transverse configuration remains the best performing in the higher octave bands (1 – 8 kHz), 
the cross, moon and diagonal configurations have just slightly higher values. The anomalies 
towards the lower frequency bands (125 – 500 Hz) are due to the controlled nature of the 
simulation, where the horizontal configuration might perform better due to the constant plane 
of absorption along the length.  Surprisingly, the empty and angled-long configurations shared 
a similar pattern throughout, only a few decibels apart; the occurrence of which is yet 
understood. The long and horizontal configurations’ performance was not far from the rest of 
the configurations’ trend seen in figure (), but did not perform as well - although still better 
than empty and horizontal.  
The second case of the simulated corridor analysis showed the spatial decay rate of A-weighted 
speech SPL per doubling of distance (D2,S) for the near (nearD2,S) and far (farD2,S) fields. The 
values presented are substantially lower than normal values, where only a very small decay 
occurs for the empty and angled-long configuration. Other configurations only provided about 
2 – 3 dB of decay over the full length of the corridor. The numerical simulation provided a 
fully reflective and smooth surface on both side walls and floor. This could have implications 
as to why the spatial decay values are insubstantial.  
The distraction distances of the configurations for the simulation presented provided lower 
values than the corridor measurement, which is to be expected with the controlled nature of the 
simulation. Again, the transverse configuration was the lowest value with 11.2 m, followed 
closely with the cross, diagonal and moon configurations, all within 1 m of each other. The 
empty configuration provides a distraction distance of 14 m, exactly the length of the corridor. 
The aforementioned angled-long unusual result of 15.5 m is an outlying value, although is in 
line with the previous results for this configuration.  
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Lastly, the A-weighted SPL of speech at 4 m (Lp,A,S,4 m) indicates a slight advantage for the 
diagonal configuration, with the transverse, cross and moon configurations within 0.5 dB. The 
empty configuration shows an SPL of 56.74 dB, almost 5 dB higher than the best performing 
configuration. 
Some interesting values are noticed with the long configuration for the simulated corridor. The 
D2,S value presented might not be the best performing of the configurations, but the farD2,S 
value offers some insight. This is the fact that the far spatial decay is high, but the distraction 
distance and speech level at 4 m are weak. This could have implications where a higher speech 
level, with a high STI (and therefore higher distraction distance), could be desired in the far 
field of a long space. These remarks could be advantageous towards the work of Kang (2002) 
where a higher STI and a weaker noise level is desired. To offer a better description, the STI 
values for the long configuration at 2 m (0.8) and 13 m (0.56) were the highest. However, this 
effect is much less apparent in the physical corridor, therefore should only be interpreted as 
such. 
 
2.5 CONCLUSION 
 
Although the previous studies mentioned above have reported on the acoustical 
anomalies that arise in long spaces, most considered only reverberation time or STI. While the 
case study at hand might not be as extensive as some of the previous work presented, it could 
be a precursor for larger investigations into the detrimental effect of speech related noise 
leakage from corridors into open-plan office spaces. The model tube offered indicative-only 
results as to the effectiveness of the different basic spatial configurations of absorption. 
Corridor measurements were conducted following the standard ISO 3382-3 (2012) procedure, 
and key metrics were derived from results. The speech-weighted SPL attenuation over distance 
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in octave bands (1 -8 kHz) indicates that the transverse configuration is the most effective at 
decreasing speech sounds along the length of the corridor for all of the measured mediums. 
The spatial decay rate of A-weighted speech SPL per doubling of distance (D2,S) for the near 
(nearD2,S), far (farD2,S) and full sound fields indicates that the transverse configuration is the 
constant best performer with a top of 7.9 dB for farD2,S. . 
The distraction distance metric is of most interest in this case study. The standard method 
describes one talker with an STI above 0.5, at a given distance, can cause a distraction for a 
listener (Hongisto, 2005). The results for this metric in this study suggest that a transverse 
configuration of absorption material would offer the lowest distraction distance at 13.9 metres 
for the measured configuration and 11.2 metres for the simulated configuration. This result can 
be concurred by Kang (2002) who measured STI in an underground station and found that a 
configuration of absorptive panels similar to the transverse configuration of this study yielded 
the most effective early decay time and sound attenuation along the length. Other 
configurations from the simulations also provided lower distraction distances between 11.3 m 
for the cross configuration, 11.5 m for the diagonal configuration and 11.8 for the Moon 
configuration. With the argument from the discussion about distraction distances longer than 
the length of a corridor, it is not known what effect intelligible speech sounds might have on a 
listener, when transmitted from a corridor into an open-plan office.  It is always recommended 
to provide absorption or some kind of diffuse treatment at the boundaries of the corridor.  
Included in ISO 3382-3 (2012, Annex A) are target values for the metrics included in this study. 
Although it is understood that these values pertain to open-plan offices, the single number 
values presented in this study would equate to poor acoustic conditions. Further determination 
of the metrics presented in a range of corridors could present some insight towards target 
values. 
                  Geometrical Placement of absorption on a corridor ceiling 42 
In conclusion, the transverse configuration of absorption material in a corridor is the most 
effective at attenuating speech sounds along the length. These results provide a design 
guideline that concurs with previous studies of the same nature. Furthermore, the conclusion 
reached also informs the notion of acoustic control, whereas the insertion of any material or 
shape in a space can ameliorate or deteriorate the acoustic purpose of a space and have a 
perceptual impact. 
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CHAPTER 3  
ACOUSTIC EVALUATION OF BUILT 
RETROREFLECTIVE SURFACES USING 
VOICE SUPPORT: MEASUREMENT AND 
SIMULATION 
 
 
 
This chapter outlines a measurement method and numerical simulation implementation 
relating to two built retroreflective arrays. The arrays were measured in an anechoic room and 
in an exact replica numerical simulation of the anechoic room. Oral-binaural room impulse 
responses (OBRIRs) were analysed to derive STv values and octave band voice support values 
in order to evaluate the oral-binaural attributes relating to a retroreflective surface. 
Some of the data and text of the co-authored conference paper “Digital fabrication for 
retroreflective ceiling treatment” by Hannouch et al. (2018) are presented in this chapter. 
Adam Hannouch, as a PhD candidate, examined architectural design of retroreflective ceiling 
treatment for an open-plan office (figure 3.1), with a view to fabricating and installing a 
substantial area of treatment in a particular office3 . Ultimately the installation was never 
realized because the industry partner’s interests shifted away from acoustics. This chapter 
presents the acoustic study that was part of the unrealized project, which was the author’s main 
contribution to the project. 
                                                 
3  The open-plan office retroreflective treatment research was done under the industry 
partnership grant: Dagmar Reinhardt, Densil Cabrera, Christhina Candido, Simon Weir, Dylan 
Wozniak-O’Connor, Rodney Watt, Susana Alarcon Licona (2017-18) “Robotic Design and 
Fabrication of Spatial Structures”, BVN Architecture (contract research) 
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Figure 3.1: Visualisation of one of the prototype retroreflective ceiling treatments in an office, designed (and 
visualized) by Adam Hannouch as part of the broader “Robotic Design and Fabrication of Spatial Structures” 
research project. This chapter focuses on the acoustic performance of two of the fabricated samples prepared as 
part of that project. 
 
3.1 INTRODUCTION 
 
Concert halls, opera houses and large performance spaces such as auditoriums are 
considered large rooms, and are under the consideration of auditorium acoustics. This branch 
of room acoustics is specified to relate the design of large rooms in terms of the audience, 
assuming a performance on a stage is the source, and the acoustical characteristics of the space. 
While this method is widely used to inform the design of auditoria, the focus of the 
specification is for the audience’s perspective and mostly not for the source (the small sub-
field of stage acoustics considers the sound experienced by performers). While amplification 
of the source is common in large auditoriums or concert halls, some large spaces that are used 
for public address or speech based activities such as teaching are often regarded as having large 
room acoustic properties, where higher speech intelligibility is required. Again, most studies 
concentrate on the listener’s point of view, focusing on the receiver locations and the receiver 
characterization of the properties of a room. It is common for a talker to vary their voice level 
dependant on the room’s response variation (Black, 1950; Pelegrín-Garcia et al., 2012), or the 
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level at which the room’s reflection is perceived in a space. The autophonic room response 
(Yadav et al, 2013) is described as the response from the room’s reflection to one’s own voice; 
similar to autophonic perception (Pörschmann, 2001), where the direct sound element from the 
airborne and bone conducted sound is included in its definition. Yadav et al. (2013) relates the 
element of sidetone compensation and autophonic room response, by stating the autophonic 
room response provides the binaural sidetone, and therefore affects the level variation in the 
voice of a talker.  
The airborne sound transmission from the mouth of a talker to its ears in a room is characterised 
as the oral-binaural room impulse response (OBRIR) (Cabrera et al., 2009). The conjunction 
of the autophonic room response and OBRIR acoustic effects was first described by Gade 
(1989) as stage support (ST), an objective measure where the effect of the room (concert hall 
in Gade’s study) and the instruments’ effect on the performer were evaluated to calculate the 
‘support’ provided by the room. ST is defined as: 
𝑆𝑇 = 10𝑙𝑜𝑔
𝐸20−𝑥
𝐸𝑑𝑖𝑟𝑒𝑐𝑡
                                                                                                                (3.1) 
where E20-x represents the energy of the impulse response from 20 ms to x ms (where x usually 
represents 100 ms or 200 ms) and Edirect represents the energy of the direct path, defined as 
from 0 – 10 ms of the response. The impulse response for this calculation is to be measured at 
1 m, which is an over-estimation of the distance from mouth to ear that ST assumes. In an 
anechoic environment, Brunskog et al. (2009) elaborates that ST = - dB, and an ST of 0 dB 
would be from an environment where the total energy from the reflections are equal to the 
energy of the direct sound. This metric worked well for large rooms, where the direct and 
reflected parts of the impulse were clearly separated, and an obvious window could be 
determined for x. However, complexities were discovered with ST when measurements were 
performed in smaller rooms, where a distinction between direct and reflected sound could not 
be made. Also, any characteristics of a room close to the source will be not be interpreted. 
Chapter 3 
 
47 
From the metric ST, Brunskog et al. (2009) defined a new parameter, to provide better 
definition of the acoustic characteristics of room in terms of oral-binaural representation, 
defined as room gain (RG) with the variable GRG. This room acoustic parameter is focused on 
the speaker and its attributes, therefore, other previously mentioned parameters relating to the 
listener’s quantification of the room response are not considered. The Brunskog et al. (2009) 
study focuses on teaching spaces, which are a source of problematic acoustics. The room gain 
parameter aims to provide a descriptive evaluation of a talking environment used for speech 
communication. Essentially, the RG is measured using a replica talker, in the form of a 
simulated head and torso (figure 3.2, A), measured in an anechoic room, and in the room being 
analysed. The values associated with an OBRIR measurement in room acoustics are as follows: 
ED is the energy from the direct airborne sound from mouth to ears, ER is the reflected energy 
at the ears and the total sound energy in the room is approximately ER + ED (with energy 
summation). LD is defined as the summed energy level of the airborne direct sound and LR is 
defined as the summed energy level of the reflected sound. The value for GRG is calculated 
using the energy level of the direct sound only OBRIR from the anechoic room (LD) and the 
energy level of the measured OBRIR in a room (LE) and is defined as: 
𝐺𝑅𝐺 = 𝐿𝐸 − 𝐿𝐷                                                                                                                (3.2) 
RG is calculated in octave bands between 125 – 4000 Hz, while the single value is the 
arithmetic mean of the octave bands. While RG is efficient in defining the characteristics of 
rooms in terms of acoustic support, some errors and limitations are expressed in Pelegrín-
Garcia (2009) as a comment on the previous work of Brunskog (2009), where non-repeatability 
of the measurements, and errors in low GRG values were found for rooms with high absorption 
and low reflection energy levels (LR). Pelegrín-Garcia offered an alternative parameter to better 
describe the acoustic characteristics of a room: voice support. This objective parameter is an 
alternative measure to room gain, where a measurement of an OBRIR in an anechoic room is 
not required. Voice support only requires an OBRIR measured in the room of interest. The 
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only requirement for the determination of voice support is that the OBRIR measurement is 
obtained at least 1 m from any visible surface from the head and torso simulator. This 
separation allows for a delay in any room reflections back to the ears of at least 5.8 ms. This 
delay is then applied as a window w(t) to the OBRIR h(t) to obtain the direct sound hD(t): 
ℎ𝐷(𝑡) =  ℎ(𝑡)𝑤(𝑡)                                                                                                               (3.3) 
The reflected sound hR(t) is calculated by multiplying the response by the window function 1 
– w(t): 
ℎ𝑅(𝑡) = ℎ(𝑡)[1 –  𝑤(𝑡)]                                                                                                       (3.4) 
or: 
ℎ𝑅(𝑡) = ℎ(𝑡)ℎ𝐷(𝑡)                                                                                                               (3.5) 
The variable STV is the single number value for voice support and is defined as: 
𝑆𝑇𝑉 = 𝐿𝑅 − 𝐿𝐷                                                                                                                     (3.6) 
which can be related to the RG with, 
𝐺𝑅𝐺 ≈ 10log (10
𝑆𝑇𝑣
10 + 1)                                                                                                     (3.7) 
obtained under the assumption that the summed energy is approximately equal to the energy 
corresponding to the direct and reflected parts of the OBRIR after windowing: 
𝐿𝐸 ≈ 10log (10
𝐿𝐷
10 + 10
𝐿𝑅
10 )                                                                                                  (3.8) 
With the relation between the room acoustic parameters using OBRIR’s has been explained, it 
should be borne in mind that these measures are affected by the specific room geometry that 
they measure. The STV determination has been shown to be the easiest to replicate, due to only 
requiring a single OBRIR measurement in a room.  
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As stated above, anechoic measurements of OBRIRs are used for room gain, and a normal 
room is measured for voice support. This chapter makes the use of voice support, as it is the 
most flexible and adaptable of the room acoustic OBRIR measurement. Voice support is used 
to determine the support of a retroreflective surface towards the sound field of a room. To 
quantify the effect or retroreflectors, retroreflective prototypes are built, measured and 
simulated with OBRIRs to evaluate their voice support characteristics.  
 
 3.2 ANECHOIC ROOM MEASUREMENTS METHOD 
 
3.2.1 BUILD OF THE RETROREFLECTOR SURFACES 
 
 
For consideration, two sizes of corner cubes retroreflector arrays were chosen: 0.3 m 
and 0.55 m.  Both of the retroreflective arrays were built as prototypes under a research grant 
from an architecture firm for parametric design of ceiling elements in an open-plan office. 
Although the physical installation and usability of these surfaces was not investigated further 
(they were never deployed as intended in an open-plan office, due to a shift in priorities by the 
architecture firm), the prototypes built by the author and PhD candidate and co-author Adam 
Hannouch were used for publications and experiments. 
The 0.3 m size corner cube array (figure 3.2, B) was also used for a contribution towards the 
Cabrera et al. (2018) study of an unusual occurrence of retroreflection in architecture, in the 
form of a store façade. This prototype array matched the geometrical dimensions of a partial 
section of the corner cube array on the store façade. The 0.55 m retroreflector (figure 3.3 A.) 
was used for the above-mentioned conference paper by Hannouch et al. (2018).  
The smaller 0.3 m retroreflective surface was built out of 0.018 m plywood, in the form of an 
equilateral triangle comprising 10 corner cube retroreflectors, each with the side length 0.3 m. 
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It was assembled in a supporting wooden structure to support its weight, and to make sure no 
material flexibility was introduced. 
The 0.55 m element array required a more complex build. The previous method for the 0.3 m 
array was deemed too heavy and impractical, therefore the 0.55 m element array was built out 
of thin 0.006 m plywood. It was then specifically laser cut so all the pieces would fit in together 
and little assembly would be required. Some thicker braces were added to the back to improve 
the rigidness of the array as a whole. The aforementioned added retroreflective indents on the 
convex corners of the array were placed and sealed using a wood fibre putty. The size of the 
concave retroreflectors was made to be irregular (for architectural ornamentation visually 
exhibiting algorithmic design), while retaining the corner cube base of 90 degrees.   
3.2.2 MEASUREMENT APPARATUS 
 
 The anechoic room within the Acoustic Research Laboratory at the University of 
Sydney was used to perform oral-binaural measurements of the two retroreflective arrays. The 
arrays were hung and strapped to truss from the ceiling and the end of the anechoic room. The 
surfaces were backed with absorptive material to make sure that the centre line along the height 
of the element was perpendicular to the ground. The oral-binaural measurements were made 
with a head and torso simulator (Brüel & Kjær 4128C HATS) (figure 3.2 A.). The HATS mouth 
simulator was used as the source and both ear simulators with ½” microphones, calibrated, as 
the receivers. The source signal was a 10 second exponential sinusoidal sweep ranging from 
50 – 20,000 Hz and generated from AARAE (Cabrera et al., 2014). The signal was then routed 
using a B&K Nexus conditioning amplifier (type 2690) and recorded into AARAE with a 
sampling frequency of 48 kHz. Oral-binaural room impulse responses were measured at four 
positions, at 1 to 4 m from the surface in 1 m increments, for both surfaces. To replicate a 
theoretical ceiling of a room, for the 0.55 m element surface, the HATS was positioned on its 
back (figure 3.4), with the mouth simulator position remaining constanst. 
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Figure 3.2: A. Head and torso simulator (HATS) for measurement of retroreflective response of a surface. B. HATS with the 
suspended 0.3 m retroreflective array. 
Note: The reference microphone at the mouth was not used for this measurement. 
A 
B 
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Figure 3.3: A. 0.55 m retroreflector array suspended in the anechoic room. B. HATS in position for measurement of the 0.55 
m retroreflector array. 
A 
B 
Figure 3.4: 0.55 m retroreflector array and HATS in the horizontal (ceiling) configuration. 
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3.3 NUMERICAL COMPUTATIONAL SIMULATION PARAMETERS 
 
 The FDTD solver described in 1.2.2 was used. The basic dimensions of the anechoic 
room where modelled in three dimensions using Rhino 3D © (L: 6.5 m, W: 3.5 m, H: 3 m). 
The retroreflective arrays were modelled and placed at the same position as in the physical 
room, within the modelled anechoic room (figure 3.5 & 3.6). The HATS simulator was 
modelled as a simplistic version of a head and torso (figure 3.7 A.). Unlike the actual HATS, 
no physical attributes of the ear such as the ear canal or pinna are modelled. Although these 
elements are integral parts of the ear and hearing apparatus, they can simply not be modelled 
in the HATS computational model. This is due to the minimum size requirement of the dx 
voxels for the FDTD solver. However, a circular indentation of 0.02 m is provided on each 
side of the head to provide a representation of the shape of the ear. The modelled HATS was 
placed on a tube linked to the exterior of the room. The receivers, for each ear, were positioned 
in these indentations. The source was positioned inside the mouth opening, which was 
modelled according to the B&K HATS simulator technical specification dimensions. 
Figure 3.5: Three dimensional model of the 0.3 m retroreflective array in the anechoic room (in red)  
Note: Some walls were omitted in this render to offer a view of the array. 
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The numerical simulation consisted of the same method as in section 3.2.2, with measurements 
taken at 4 different positions, from 1 – 4 m for each retroreflective array. In addition, the 
horizontal HATS position was also simulated (figure 3.6). 
The FDTD solver parameters (1.2.2) set for this simulation were prescribed with a sampling 
frequency of 180 kHz and 10,000 time steps. The packaged simulation was run on the Artemis 
cluster (1.2.3). All pbs scripts were allocated two hours of wall time, with 32 gigabytes of RAM 
memory per node and 4 CPUs nodes per chunk requested. The dx voxel size (Kowalczyk, 2009) 
was set at 0.0033 m. The transparent source (Schneider, 1998) and receiver pressure nodes 
were positioned at least two dx voxels away from any surface. The modelled anechoic room 
Figure 3.6: Three dimensional model of the 0.55 m array in the anechoic room (in red) 
Note: Some walls were omitted in this render to offer s better view of the array. 
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exterior meshes were set as fully absorptive (to the extent of the FDTD solver allows) and only 
the retroreflective array and head and torso simulator were set as reflective layer elements.  
3.4 DATA ANALYSIS 
 
 
The data provided through both of the measurement mediums was analysed in similar 
ways, to present values relating to voice support.  
The calibrated recordings of the measurement performed in the anechoic room were loaded 
into AARAE (Cabrera et al., 2014) with a sampling frequency of 48 kHz. The recordings were 
then convolved into oral-binaural room impulse responses (h(t), causal part trimmed at 0.5 s). 
The windowing function w(t) defined in Pelegrin-Garcia et al. (2011) was applied to the 
OBRIRs, separating the direct sound hd(t) and reflected sound hr(t) with a window w(t) of 0.05 
s from the start of the OBRIR, which were then filtered into octave bands (125 – 16,000 Hz). 
This analysis provided voice support values (in dB) per octave band for each measurement. 
Figure 3.7: A. Three dimensional representation of the HATS with a. Ear indentation and b. Mouth opening.  
B. Three dimensional model of the HATS numerical simulation geometry for the 0.55 m array. 
a. b. 
A. B. 
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STv values were calculated using the arithmetic mean of the energy levels of octave band 125 
– 400 Hz (Pelegrín-Garcia, 2009) from the windowed and summed direct sound energy LD and 
summed reflected energy LR, to provide single number quantities (Brunskog, 2009; Pelegrin-
Garcia, 2012).  
The analysis of the results from the FDTD simulation was similar to the one above. The 
OBRIRs (although not strictly modelling the mouth and ear details, but treated as such) were 
processed to provide octave band voice support values and STv values. 
 
3.5 RESULTS AND DISCUSSION  
 
While the analysis stated above provides values that are defined as being the same, it 
should be kept in mind that due to the limitations of measurement and simulation, but also their 
differences in geometrical design and measurement procedure, the results interpreted for this 
chapter can differ within the results.  
Figure 3.8 shows the STv values for all of the measured and simulated configurations, as a 
function of distance, from 1 to 4 m. While these measurements are performed in proximity of 
the retroreflective prototype, they represent only the sound emitted from the mouth simulator 
and the reflected sound from the only hard reflecting surface in the room, the retroreflector, 
back to both ears. At a 1 m distance, the STv values range from -8 and -14 dB, with the strongest 
STv level for the 0.55 m measured prototype array as a wall at -8.2 dB. While providing strong 
voice support at the 1 m position, the 0.5 m wall prototype dropped almost 7 dB over a 1 m 
increase. The best performer from 2 m onwards is the 0.3 simulated prototype  
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array with about -12 dB at 2 m, -15 dB at 3 m and -17 dB at 4 m. On the other hand, the worst-
performing configuration is the 0.55 m measured prototype array as a ceiling, with a voice 
support of about -13 dB at 1 m and -23 at 4 m. The lower values exhibited by this configuration 
is influenced by the fact that the mouth simulator of the HATS was not angled towards the 
surface, but placed horizontally, to replicate a ceiling. The best representation of a surface or a 
ceiling of a room is with the 2 and 3 m results. Although the 1 m and 4 m position are of 
interest, they represent the minimum distance required from any surface (1 m) and due to the 
highly absorptive efficiency of the anechoic room, not much sound would be reflected beyond 
the 4 m position. The overall STv values for all configurations spatially decay by about 8 – 12 
dB over the full distance and with an average of about 3 – 4 dB per m. The spatially averaged 
STv value for all the distances for the 0.3 m measured prototype is -15.2 dB, the 0.3 m simulated 
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Figure 3.8: STv values (dB) for all the measured and simulated configurations, for the different distances from the 
surface measured (m). 
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prototype is -13.6 dB, the 0.55 m prototype measured as a wall is -15.4 dB, the 0.55 m 
simulated wall is -14.8, the 0.55 m measured ceiling is -19.2 dB and the simulated ceiling is -
16.2 dB. Overall, the best performing configuration for the measured and simulated 
environment was the 0.3 m prototype. While STv offers a single number determination, the 
Figure 3.9: Voice support values (dB) for each measured and simulated prototype array of retroreflectors per octave band 
(125 – 16,000 Hz) for each of the measured distances from the surface (1 – 4 m). 
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representation of voice support is better represented as a function of frequency, considering 
that corner cube arrays are likely to perform differently across the frequency range. Figure 3.9 
shows the octave band voice support values for each of the measured and simulated arrays at 
the four different measured positions. Immediately, it can be noticed that the results of the 
measured prototype arrays are higher in octave bands 2 – 16 kHz. This is mostly due to the 
directivity factor that occurs from the simulated mouth of the HATS towards the higher 
frequency range, which peaks within the 8 kHz octave band. Furthermore, voice support values 
that peak beyond 0 dB indicate that the energy of the reflected energy is greater than the energy 
of the airborne direct sound from mouth to ear. The values for the simulation are lower, as the 
point source used was placed within the mouth cavity, rather than the HATS mouth simulator, 
and the simulated ears were similarly simplistic, lacking pinnae. The overall octave band values 
for all of the measurements follow the trend of the spatial decay, metre per metre. Also, the 
larger 0.55 m prototype in the wall configuration provided increased values for lower 
frequencies, due to the increased size of the retroreflectors. The best performing increase is for 
the 0.3 m prototype, where the slope from 1 – 8 kHz is of about 22 dB, with a voice support of 
almost 12 dB at 8 kHz for the 2 m position. The simulations provided a somewhat regular 
response, where the directionality of the point source in the simulation provided an increased 
direct sound energy to the ears of the simulated HATS, and therefore decreased voice support 
values towards the higher frequency range. On the other hand, due to the directionality of the 
mouth simulator of the actual HATS, less energy is received at the ears for direct sound, and 
therefore voice support values have increased. This bias is part of the reason as to why the 
higher frequencies are not included in voice support STv determination. 
It can also be noted that there is a visible ‘notch’ for the 1 kHz octave band voice support 
values, for the simulated prototype arrays. This may be due to a distinctive but quantifiable 
effect is known as a creeping wave (Ginsberg, 2018). This acoustic phenomenon was identified 
by Watson’s (1918) analysis of the scattering of waves in electromagnetics for mid-
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frequencies, with Franz’s (et al. 1952,56) application of the theory in acoustics, regarding the 
lack of descriptors around circular object, particularly in ray acoustics, that do not address the 
diffraction caused by grazing incident rays towards a geometrical sphere. When a ray is of 
grazing incidence towards the outer sphere, the ray will propagate following the meridian line 
along the outer sphere that contains the polar axes of the sphere. These rays will also attenuate 
as they propagate, where they will ‘shed’. Figure 3.10, taken from Ginsberg (2018) aids with 
the visualisation of this effect. Figure 3.10 A. demonstrates how a grazing incident ray would 
creep around a sphere following a meridian path that would intercept both polar axes of the 
sphere. The shedding illustrated in figure 3.10 B. occurs continuously along the creeping path.  
 Experimental studies (Harbold et al., 1969) have demonstrated the occurrence of creeping 
waves in air, their relationship with the geometrical attributes of a sphere in measurement 
conditions and the implications of the joint amplitude of a wave that has circumnavigated the 
sphere and another incident wave at a point. The numerical discretization of the FDTD voxels 
provide some error in terms of the geometrical wave solution per voxel update, exacted at and 
around the sphere head used in the numerical simulations of this study. With this said, the 
approximated frequency at which the amplitude summation would occur (wavelength 
matching the sphere circumference) can only be interpreted as an unclear estimate of what the 
creeping wave effect would be in an accurate physical measurement. 
Previous works from Pelegrín-Garcia (2009, 2011) show that typical voice support values for 
a normal classroom should range between -20 to -5 dB. Other previous results show that the 
Figure 3.10: Extracted from Ginsberg (2018) A. Example of incident rays PI at grazing incidence curve around a sphere 
as creeping waves (dotted line - - -) B. Rays shed from creeping waves on the outer sphere. 
A. B. 
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STv value for a large anechoic room is -27.3 dB, and -14.9 dB for an auditorium. As a single 
surface of a room, the measured retroreflective arrays have demonstrated substantial 
capabilities in contributing to voice support. With only a few retroreflectors present, a 
tessellation of a multitude of these elements would conceivably result in a considerable 
increase in voice support, as exemplified by the Ports 1961 building façade in Shanghai 
(Cabrera et al. 2018). Larger and more numerous retroreflective elements would not only 
increase voice support, but should also extend their effectiveness to the octave bands used to 
calculate STv in the lower frequencies (125 – 500 Hz). Also, due to the highly controlled nature 
of the measurements, essentially a reflection free zone, the addition of a floor, side walls and 
any furniture will have a cumulative effect on the voice support of the room. 
 
3.6 CONCLUSION 
 
The retroreflective prototype arrays measured within this chapter provide an indication 
as to the general size requirement for the installation of these elements. The anechoic room 
provided a reflection-free sound field, where the acoustic characteristics of the retroreflective 
arrays could be measured in isolation. The OBRIR measurements provided the necessary data 
to calculate voice support for the prototypes, where STv and octave band voice support values 
were derived from the airborne direct sound from mouth to ear, and the reflected sound from 
the retroreflective surface.  
Overall results show strong voice support values for all configurations measured, considering 
that only a small surface of the room was made to be reflective. The best performing 
configuration consisted of the 0.55 m prototype array, as a wall, measured at 1 m. This 
configuration provided an STv of -8.2 dB, but voice support values decayed at a higher rate for 
this configuration when the distance from surface to HATS was increased. Whilst this result 
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shows strong voice support, it is only prevalent at a single distance increment from the subject 
surface. The provision of a more consistent overall result for voice support provided by a 
specified retroreflective array would have to be based upon superior performance across all 
measurement configurations of a single retroreflective array. Therefore, in the context of this 
chapter, the overall best performing retroreflective array measured or simulated is the 0.3 m 
prototype. Both simulations and measurements show the 0.3 m prototype provides increased 
voice support values with a STv of -9 dB at 1 m, -13 dB at 2 m, -15 to -17 at 3 m and -17 to -
21 at 4 m from the retroreflective surface. Whilst STv values are a good indicative measure of 
voice related performance of a retroreflective surface, an octave band representation of these 
values has been derived, and concur with the previously mentioned conclusion of the 
performance of the 0.3 m prototype array, where a higher frequency range saw this prototype 
achieve 12 dB of voice support at 8 kHz for the 2 m position.. This could entail that the voice 
energy received back at the source position is higher that the voice sounds emitted. 
The results from the measurements presented in this chapter cannot be equated to realistic 
values of voice support due to the limitations in both measurements and simulations. However, 
the fact that a single retroreflective surface of an otherwise absorptive room can produce 
relatively high voice support values from measured and simulated OBRIRs warrants further 
investigation into the usefulness of retroreflective surfaces for voice support in rooms. Also, 
these results can further inform of the capabilities of retroreflective surfaces in rooms in terms 
of acoustic control. 
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CHAPTER 4  
NUMERICAL EVALUATION OF 
RETROREFLECTION FROM A LARGE 
SURFACE OF AN OTHERWISE 
ABSORPTIVE ROOM  
 
 
 
 
This chapter provides a systematically analysis of retroreflection from a large room surface, 
conceptually the ceiling. This is achieved by performing numerical simulations using an FDTD 
solver, also used in chapter 3. Different configurations of retroreflective ceilings are simulated, 
with varying shapes and sizes of elements. By investigating the sound field of a room with the 
varied configurations of retroreflection present in each, a guideline, or recommendation can be 
made as to the best performing configuration of spatially distributed retroreflective elements, 
as a ceiling.  
 
 
This chapter includes text and figures from the conference paper “Comparison of acoustic 
retroreflection from corner cube arrays using FDTD simulation”4. That paper includes one of 
the simulated ceilings in this chapter, and presents an analysis and results. 
                                                 
4 Caldwell, Hugo, and Densil Cabrera. "Comparison of acoustic retroreflection from corner cube arrays using 
FDTD simulation." In Proceedings of ACOUSTICS, vol. 7, no. 9. 2018. 
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4.1 INTRODUCTION 
 
The acoustic characteristics of any room is described by the reflections occurring at and 
around boundaries, with also the contributions from internal elements (such as furniture). The 
overall sound field of a room is defined as the response of that room, including all the elements 
stated above. In an anechoic setting, as used in chapter 3, room reflections are not measured, 
and therefore cannot affect the sound field. Also shown in the previous chapter is the highly 
controlled nature of the simulator environment used, where elements such as air temperature 
and air pressure are sure to be constant. Evaluation of retroreflective arrays were performed, 
but with limitations such as the shape, size and tessellation of retroreflective elements, only 
limited results could be presented. For this chapter, a further investigation into the effect that a 
retroreflective surface has on a sound field, and on a simulated head (using OBRIRs). This 
study is performed by using the same simulator process, where it is simpler to measure large 
numbers of different configurations of using three dimensional modelling and wave-based 
numerical simulation. To interpret the effect that retroreflective elements have on a room, they 
are placed on the ceiling of otherwise anechoic rooms. The reflected energy back to the source 
is characterized by the energy at the focal region at and around the source, the rate at which the 
energy decays over distance from the source outwards and the voice support that a 
retroreflective ceiling could provide to a simulated head. 
 
4.2 METHOD 
 
4.2.1 GEOMETRY MODELLING 
 
The constant room used for the simulations was built in Rhino 3D © with the 
dimensions L: 10 m, W: 10 m, H: 4m. The different configurations of retroreflective ceilings 
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were then built with edge lengths of 0.3 m, 0.6 m, 0.9 m, 1.2 m. The configurations modelled 
are all theoretically retroreflective, since the elements that form the ceiling are all based on a 
90-degree angle with three adjacent surfaces. The first retroreflective ceiling is based on a 
normal corner cube, formed of a 90-degree angle at the base and with three surfaces in the 
shape of squares with the exact same dimensions (figure 4.1 A.). The second ceiling is also 
based on a corner cube base, but where the three surfaces adjacent to the corner are isosceles 
triangles (figure 4.1 B.). The third retroreflective ceiling is designed from known shapes, in the 
form of cubic coffers. These coffers are tessellated with a 0.05 m separation between coffers 
(figure 4.1 C.). The last retroreflective ceiling consists of a variation of the coffers. Two half-
circle surfaces intersect at their centre, forming two retroreflectors with a rounded hypotenuse 
(figure 4.1 D.). Lastly, a flat ceiling is also included for comparative purposes. While these 
configurations represent only a fraction of the possible configurations that include 
retroreflectors, they are mostly obvious candidates for what a regular array of retroreflectors 
would be. Each of the configuration was modelled for every of the corner lengths. This resulted 
in 17 different rooms. 
For the simulation involving a dummy head, a simple sphere was modelled. A round 
indentation was placed at the mouth position for the source. The sphere was placed on a tube 
linked to the exterior of the room (figure 4.2 B.). All of the configurations were modelled with 
the sphere resulting in 16 rooms. In total, 34 rooms were modelled and simulated. For all of 
the geometries defined above, it is understood that the base of the ceiling (as if a flat ceiling) 
is defined as the height of the room. 
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Figure 4.1: Three dimensional renders of each of the ceiling configurations: A. Cube B. Triangular C. Coffered D. Circular. 
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4.2.2 FDTD IMPLEMENTATION 
 
The FDTD solver described in 1.5.1 was used. The measurement of the sound field for 
the simulated rooms consisted of a plane of receivers, in a 0.1 m interval grid. The total amount 
of receivers was 9801 (figure 4.2). The source was placed in the centre of the room. For each 
of the 17 configurations, the plane of receivers as well as the source were placed at 1, 2 and 3 
m from the ceiling (base of each configuration).  
For this FDTD simulation, the prescribed sampling frequency was set at 90 kHz, due to the 
large size of the room, to try to reach the upper limit of the 8 kHz octave band, with 10,000 
time steps. The packaged simulation was run on the Artemis cluster (1.5.3). The pbs scripts 
were allocated with half an hour of wall time and 32 gigabytes of RAM memory per node with 
4 CPUs nodes per chunk requested. Each pbs script was comprised of the three measured 
heights for one configuration. The dx voxel size was set at 0.0066 m (Kowalczyk, 2009) which 
formed over 1.5 billion voxels for the room. The source was set as transparent (Schneider, 
1998) and was placed at the centre of the room. The ceiling of each room configuration was 
set as fully reflective and the rest of the room boundaries were set as absorptive.  
Figure 4.2: FDTD visualisation of a plane of 9801 receivers (green) and the source (red, centred) for an example 
room. 
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For the simulated head, the FDTD simulation parameters are the same as above, but the source 
was set inside the mouth cavity (figure 4.3 A.), and the receivers were set on both sides of the 
sphere. In the previous chapter, it was discussed that the controlled wave effect of the FDTD 
solver provided some creeping waves around the shape of the head. To try to alleviate this 
effect, the receivers were placed at 0.02 m from the simulated head. As this measurement is a 
simple representation of the head sphere, no requirement for an ear indentation of any 
characteristics as such were required. The simulation with the head was also measured at 1, 2 
and 3 m.  
 
 
4.3 ANALYSIS 
 
The analysis for the first section of this chapter will focus on the plane of receivers 
described in the section above. The second part will focus on the simulated head measurements.  
Ear receivers 
Mouth source 
Figure 4.3: A. Simulated head sphere with ear receivers and mouth opening with the point source. B. The simulated base 
room with the simulated head at the 1 m distance. 
A. B. 
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The FDTD solver for the plane of receivers provided 9801 impulse responses sampled at 48 
kHz, for each of the 16 configurations. As a base method for analysis, the distance from source 
to receiver (for all 9801) was calculated to determine at which sample the direct time would 
start at each receiver position. For the purpose of the analysis, an ‘anechoic’ case was 
simulated, with all boundaries fully absorbent. This provided a noise free measurement of the 
direct sound at each receiver to allow for the subtraction of the direct sound from the 
retroreflected measurements. Not only this, but this subtraction would also remove any other 
unwanted residual reflections that could occur due to the limitations of the FDTD solver. A 
window was then determined from the sample at which direct sound started to the end, also 
allowing an extended window to allow the subtraction of any data that is not from a 
retroreflection. The result from the subtraction provided a noise-free and reflected-only 
impulse response. The reflected part was then filtered into octave bands using an FFT filter 
provided (250 – 8,000 Hz), and then summed and squared to obtain the reflected energy level 
at each receiver position, LE,reflect (eq. 4.1). The results of this equation are expressed relative 
to the direct sound at 1 m from the source: 
𝐿𝐸,𝑟𝑒𝑓𝑙𝑒𝑐𝑡 = 10𝑙𝑜𝑔 [ ∑ 𝑥𝑟
2(𝑛)
𝑒𝑛𝑑
𝑛=𝑁1
∑ 𝑥𝑎,1𝑚
2 (𝑛)
𝑒𝑛𝑑
𝑛=1
⁄ ] 
where n is the sample number (as a time index) of a waveform for an individual receiver 
position, N1 is the first sample of data for the windowed reflected sound to the last (end), xr is 
the waveform for a receiver with a retroreflective ceiling and xa,1m is the waveform of a receiver 
in the anechoic simulation at 1 m from the source.  
With the reflected-only energy levels at each receiver position, the sound fields of the three 
measurement heights were divided into separate fields of interest. The theory behind 
retroreflection is formed on the basis that energy is reflected back to the source, so to analyse 
this a small focal region around the source was determined with all receivers within a radius of 
(4.1) 
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0.15 m from the source. This highly focused point of interest of the sound field of a room, 
comprising of 8 receivers around the source (omitting the centre receiver due to co-location 
with the source voxel), should provide a clear indication as to the effect of an array of 
retroreflectors on a source. The reflected-only energy level for these 8 receivers was averaged 
to provide single number values as to the retroreflected energy per octave band, at and around 
the source, for each measured height. The second field of interest from the plane of receivers 
is the near field and is defined as all the receivers from 0.15 – 1 m from the source and is 
comprised of 306 receivers. The third field of interest for the plane of receivers is the far field, 
defined as all the receivers from 1 m to 4.5 m of the source and is comprised of 6038 receivers. 
Receivers from 4.5 m onwards were omitted from any further analysis due to precautions with 
irregular boundary conditions on the voxels near them. The near and far fields are commonly 
used in room acoustics to separate the fields of interest, in relation to the study at hand. For 
these two fields, linear regressions were calculated, from which spatial decay rates (in decibels 
per unit distance) were derived for each field of interest, per height, per room, per octave band. 
These values provide an indication as to the spatial energy attenuation over distance, for which 
larger values are preferred.  
For the simulated head measurements, the FDTD solver provided two impulse responses (as 
each simulated ear) with a sampling frequency of 48 kHz. As a relative analysis, the method 
for calculating STv described in chapter 3 is used. It is understood that the analysis and results 
do not present realistic STv values, due to the non-compliance of the measured geometry (no 
ear simulators), but rather utilises its method to provide a relative value representing a 
characteristic of the sound field of a room with a simulated head (in this case). Essentially, the 
direct sound energy level at each ear is subtracted from the reflected sound energy level at each 
ear, filtered in octave bands for all configurations at all heights. 
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4.4 RESULTS AND DISCUSSION 
 
4.4.1 RETROREFLECTED FOCAL ENERGY AT AND AROUND THE SOURCE 
 
The results for the summed energy at the focal area is represented per height of 
measurement plane. As all the results shown are relative to the direct sound at 1 m, any value 
above 0 dB would indicate that the reflection received at the focal area would be greater than 
the direct sound at 1 m from the source. Figure 4.4 shows the focal area energy of all the 
configurations for each array size, at a 1 m distance from the ceiling. Firstly, the flat ceiling 
energy levels can be seen to have a relatively flat response per octave band and per array size. 
Also, it can be noticed that the circular configuration provides less energy at the focal area than 
the flat configuration, which seems to be consistent across all the size arrays, sometimes 
showing values almost 12 dB lower than the flat configuration in the lower octave bands. The 
lowest frequency bands, 250 and 500 Hz, seems to exhibit some generalised specular 
reflections for the smaller size arrays, while displaying some strong retroreflection for the 
largest size array of the coffered configuration (5 dB). The smallest size array (0.3 m) shows a 
common trend for the cube, triangular and coffered ceiling configurations, reaching around 5 
dB of focal energy (relative to the direct sound at 1 m). The 0.6 m size array shows a preference 
for the coffered ceiling for all octave bands, reaching almost 6 dB of focal energy at 8 kHz.  
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Figure 4.5 shows the focal area summed energy for all configurations at a distance of 2 m from 
the ceiling. The flat specular ceiling exhibits a similar trend as the 1 m measurement plane, a 
somewhat flat response across both octave bands and array size. The circular configuration still 
does not perform as strongly as the other configurations. The 0.3 m array size shows the same 
trend as the previous result, with stronger retroreflection at the higher frequency range 
(reaching 4 dB for the cube ceiling at 8 kHz), which is due to the smaller wavelength size and 
smaller element size. The two largest arrays (0.9 m and 1.2 m array) show a fairly flat response 
(around -5 – 0 dB) for the three best performing configurations, which is also to be expected  
Figure 4.4: Retroreflected energy for each room within the focal area (0 – 0.15 m) for the source – receiver arrays of each ceiling 
configuration at a 1 m distance, relative to the direct sound at 1 m, in octave bands. 
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from larger elements due to the larger aperture of the retroreflective elements of the ceiling. 
The 0.6 m size array show an increase in energy towards the higher frequency range of the 
coffered ceiling (4 - 5 dB). The coffered configuration seems to dominate the retroreflective 
energy for the majority of the 2 m measurement plane.  
Finally, figure 4.5 shows the focal area summed energy for the measurement plane at 3 m from 
the ceiling for all configurations. The flat and circular configurations are still showing lower 
values than all the other configurations, although usual for the flat ceiling (at around – 15 dB), 
the circular configuration does not perform as expected (showing -20 dB at 500 and 1000 Hz  
Figure 4.5: Retroreflected energy for each room within the focal area (0 – 0.15 m) for the source – receiver arrays of each ceiling 
configuration at a 2 m distance, relative to the direct sound at 1 m, in octave bands. 
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for the 0.3 m array size). Again, the 0.3 m size array demonstrates the same trend as above, 
with the cube as best performer reaching almost 0 dB. The 0.6 m array size is similar to the 
previous results for all three planes of receivers for the coffered ceiling, indicating that while 
the plane of receivers would lower from the ceiling metre by metre, more corner cubes would 
become visible to the source, and therefore would increase the retroreflected energy back to 
the source, especially at higher frequencies. The generally flat response from larger array sizes 
still occurs (0.9 m and 1.2 m) with the three best performers between -10 dB and 0 dB.  
Figure 4.6: Retroreflected energy for each room within the focal area (0 – 0.15 m) for the source – receiver arrays of each ceiling 
configuration at a 3 m distance, relative to the direct sound at 1 m, in octave bands. 
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To illustrate the focal area energy relative to the rest of the receivers, figure 4.7 shows the 
reflected energy levels for all receivers for each receiver plane height for the 0.6 m corner cube 
array. The figure exhibits the strong retroreflected energy back to the source in the centre of 
the charts, and the spatial decay of energy from the source outwards (contained in the next 
section). 
4.4.2 SPATIAL DECAY RATES FOR THE NEAR AND FAR FIELD  
 
 The focal retroreflected energy at and around the source has been shown to be greater 
for some configurations than a flat specular ceiling, or the direct sound energy at 1 m. To 
further analyse the sound field, the spatial decay rate of retroreflected energy from the source 
outwards is calculated, for the near and far field of the room. The results showed below are 
separated per room configuration. For the effort of simplicity, the near field results and the far 
field results are presented in the same figures, for each measured plane of receivers per array 
size per octave band. This is achieved by adjoining the measurement plane distances from the 
Figure 4.7: Reflected energy levels at the plane of receivers (1, 2, 3 m), per octave band and relative to the direct sound at 1 m for the 
0.6 m corner cube array. 
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ceiling with the denotations ‘N’ for near field and ‘F’ for far field, for the 1 m, 2 m, and 3 m 
distances. The results are presented as scattered points. To aid with workflow visualisation, an 
example of the linear regression used to calculate the spatial decay rate of energy is included, 
for the 0.6 m array size of the corner cube configuration (figure 4.8). 
 
Figure 4.8: Reflected-only energy for all receivers at a distance of 3 m from the 0.6 m size corner cube array, per octave band and 
relative to the direct sound at 1 m. Linear regression lines are shown for the near field (black line, green scatter points), the far field 
(blue dashed line, pink scatter points) and the remaining omitted scatter points (grey). 
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CORNER CUBE CEILING 
The corner cube array results (figure 4.9) presents some interesting results. Firstly, it can be 
noticed that the near field values are more varied than the far field values, this is due to the 
larger number of receivers included in the analysis of the far field spatial decay rate of energy. 
The near field, with fewer receivers, can show a steep spatial decay rate at some combinations 
Figure 4.9: Octave band spatial decay rates of reflected energy, derived from linear regressions as a function of distance relative 
to the direct sound at 1 m corner cube ceiling. The three separate receiver plane distances are expressed (1N or 1F) describes 
either the near field results (‘…’N = 0.15 to 1 m) or the far field results (‘…’F = 1 to 4.5 m) for their individual distances from 
the ceiling. 
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of heights and size arrays. At the 250 Hz band, the 0.6 m size array provides an interesting, 
almost 9 dB, spatial decay; providing some indication as to the wavelength and element size 
consideration, which would dominate equivalent energy results. The 500 Hz band shows a 
slight increase in the spatial decay at the 1 m plane distance, with not much variation for the 
following distances. Although, it could be said that with some varied configurations (size of 
array or distance from ceiling), the retroreflective ceiling usually outperforms the flat specular 
ceiling consistently. The 2, 4 and 8 kHz octave bands present some interesting results. For the 
2 kHz octave band, it seems that the 0.6 m array is providing a stronger spatial decay of energy, 
with 8 – 10 dB for all three distances in the near field. This result is significant as the flat 
specular ceiling only provides around 1 dB of spatial decay. For the 4 and 8 kHz bands, the 0.3 
m array and the 0.6 m array present similar values, around 8 – 9 dB of spatial decay for the 
near field, while the 0.9 m array provides 5 – 6 dB of spatial decay for the 2 and 3 m distances. 
As for the 1.2 m array, the large aperture of the retroreflective elements and the lower number 
of elements for the ceiling array provides low spatial decay values for higher frequencies, both 
in the near and far field. Overall, the 0.6 m size array is seemingly the best performer in terms 
of near field spatial decay of reflected energy. 
 
TRIANGULAR CEILING 
 
For the triangular ceiling (figure 4.10), the lower bands only show a slight variation is energy 
decay. The flat specular ceiling provides a very slight increase over the triangular ceiling array, 
in spatial decay rate in the 250 Hz octave band, reaching almost 4 dB for the near field at the 
1 m distance from the ceiling. The 500 Hz band shows the 1.2 m size array ceiling performing 
best at 1 m from the ceiling in the near field, with almost 6 dB of spatial decay rate. Also, in  
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Figure 4.10: Octave band spatial decay rates of reflected energy, derived from linear regressions as a function of distance 
relative to the direct sound at 1 m for the triangular ceiling. The three separate receiver plane distances are expressed (1N or 1F) 
describes either the near field results (‘…’N = 0.15 to 1 m) or the far field results (‘…’F = 1 to 4.5 m) for their individual 
distances from the ceiling. 
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the 1 kHz octave band, the 1.2 m size array performs relatively well, with spatial decay rates 
in the near field at 6, 5 and 4 dB for the 1, 2 and 3 m distances respectively. The 0.9 m size 
array performed slightly better in the 1 kHz octave band, with 7 dB of spatial decay rate in the 
near field at 1 m, and 6 dB at 2 m. The other configurations performed at lower levels, but still 
higher than the flat ceiling. In the 2 kHz octave band, a slight increase in overall values is 
noticed, with the 0.9 m size array remaining between 7 – 8 dB of spatial decay in the near field 
for all measured distances. The 0.6 m size array also performed well, with 6 – 8 dB of spatial 
decay in the near field for all measured distances. At the 1 m measurement distance, a slight 
elevation in the 0.3 m size array is also noticed in the near field, at 7 dB. The most interesting 
part of the triangular ceiling configuration is with the higher frequency range, where the 0.6 m 
size array seems to provide a spatial decay rate of about 8 – 10 dB in the near field for both the 
4 and 8 kHz octave bands. Also, the 0.9 m size array performed relatively well, with 7 – 9 dB 
of spatial decay of energy for the near field. Overall, the triangular ceiling array shows a 
variation in results, although with strong spatial decay rates in the near field for the higher 
octave bands. 
 
COFFERED CEILING 
 
As stated before, the coffered configuration offers some interesting retroreflective 
characteristics. With each coffer, depending on the angle of incidence, there is potential for 
four separate third-order reflection. Figure 4.11 shows the spatial decay rate for the coffered 
ceiling configurations. Note: the dB scale of figure 4.11 is different than other figures presented 
in other section under the same format. The 250 Hz octave band shows a striking 14 dB of 
spatial decay for the near field at 1 and 2 m distances. This is mostly due to the fact that the 
250 Hz octave band includes wavelengths that match the size of the 1.2 m size array elements.  
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Figure 4.11: Octave band spatial decay rates of reflected energy, derived from linear regressions as a function of distance 
relative to the direct sound at 1 m for the coffered ceiling. The three separate receiver plane distances are expressed (1N or 1F) 
describes either the near field results (‘…’N = 0.15 to 1 m) or the far field results (‘…’F = 1 to 4.5 m) for their individual 
distances from the ceiling. 
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Also, the 0.9 m size array shows a strong spatial decay at the 1 m distance measurement plane 
at 13 dB for the near field. Interestingly, the 0.6 m size array provided a low value for the 2 m 
distance within the 250 Hz band (-1 dB), indicating that the reflected energy does not decay, 
but rather increases in the near field. Following this, the results for the 0.6 m size array in the 
500 Hz band shows a similar pattern in the near field, with values for spatial decay rate below 
0 dB. Also, in the 500 Hz octave band, the 0.9 m size array provides around 6 dB in the near 
field for 2 and 3 m distances. In the 1 kHz octave band, the 0.6 m size array provides about 9 
dB of spatial decay in the near field at 1 m distance, with the 0.9 m size array behind it at almost 
7 dB. The 1.2 m size array, in the 1 kHz band at a 2 m distance provides almost 8 dB. For the 
2 kHz band, the 0.6 m size array provides between 5 to 8 dB of spatial decay in the near field, 
the 1.2 m size array increase in spatial decay from 3 to almost 8 dB per distance and the 0.9 m 
size array provides between 5 and 8 dB of spatial decay in the near field. for the 4 and 8 kHz 
octave bands, the coffered ceiling array is shown to provide increase spatial decay values in 
the near field for some configurations, especially the 0.6 m size array. In the 4 kHz band, the 
0.6 m size array specifies at spatial decay rate of 13 dB for the near field of the 1 m distance 
measurement plane, and 11 dB for the 2 and 3 m measurement planes. Also, the 0.3 m size 
array shows a value of about 9 dB for the 1 m distance measurement. More notably, in the 8 
kHz octave band, the 0.6 m size array exhibits a spatial decay in near field of 15 dB for the 1 
m and 2 m measurement plane, and almost 13 dB at the 3 m measurement plane. These values 
are substantial in the attenuation of energy in the near field of a source. Nonetheless, the 0.3 m 
size array is also shown to provide increased spatial decay values in the near field, providing 
between 9 and 11 dB for all 3 measured distances. Interestingly, the 0.9 m size array provides 
spatial decay values that increase over the 3 measurement planes, showing almost 6 dB at the 
1 m plane, 9 dB at the 2 m plane and 10 dB at the 3 m plane. With higher frequencies, the 
smaller wavelengths and directionality of incident waves coupled with the presence of four 
Numerical evaluation of retroreflection from a large surface 84 
separate corner cubes per coffer in the ceiling array could explain the presence of higher spatial 
decay values. Also, this could show that a ratio of size and number of ceiling elements of a 
coffer array could coincide to provide increased spatial decay rates. Overall, the coffer array 
provided with increased spatial decay values in higher frequencies, but also, for some cases, 
did not provide any spatial decay of energy. 
 
CIRCULAR CEILING 
 
The circular ceiling has previously been shown to provide weaker energy levels back to the 
source (section above) and therefore is not expected to provide increased spatial decay values. 
Mostly, if there is decreased energy at the focal part of the measurement plane, not much energy 
is expected to decay from the source outwards. Figure 4.12 shows the values for the spatial 
decay of the circular ceiling array. The lower octave band (250 Hz) does show an increase for 
spatial decay values in the near field at the 3 m measurement plane, with 9 dB of decay for the 
0.9 m size array and 7 dB for the 0.6 m size array. The 500 Hz and 1 kHz octave bands show 
a somewhat decrease in spatial decay rates, with some configurations showing values under 0 
dB and lower than a flat specular ceiling. The 2 m and 3 m measurement planes show an 
increase in the 2, 4 and 8 kHz bands for the 0.9 m size array, showing values between 5 and 7 
dB in the near field. Overall, the circular ceiling array does not show promising values, where 
some spatial decay rates are below the one of a flat ceiling or even does not provide a spatial 
decay rate (an increase of energy) in the near or far field. 
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Figure 4.12: Octave band spatial decay rates of reflected energy, derived from linear regressions as a function of distance 
relative to the direct sound at 1 m for the circular ceiling. The three separate receiver plane distances are expressed (1N or 1F) 
describes either the near field results (‘…’N = 0.15 to 1 m) or the far field results (‘…’F = 1 to 4.5 m) for their individual 
distances from the ceiling. 
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The spatial decay rate of energy over a measurement plane of receivers is a useful tool to 
provide a concise indication as to how a sound field will interact with a ceiling surface. The 
previous section has shown the total amount of energy retroreflected back at and around the 
source, and the spatial decay rate indicates how the energy will decay over a specified distance 
away from the source. While the near field values presented in this section varied substantially, 
it can be understood from the results that the lack of variation or difference in the far field 
spatial decay values could be due to either the general lack of reflected energy at the receiver 
positions in the far field, or the effect of the further receivers (the ones around 4 – 4.5 m away 
from the source) are lowering the spatial decay values, as they are generally expected to have 
less energy reflected to them. Nonetheless, the far field spatial decay rates are shown to remain 
between 0 and 4 dB for most ceiling arrays, and are occasionally still higher than the flat ceiling 
spatial decay rates. With the analysis of the results, it can be determined that the best 
performing configuration of ceiling array is the coffered ceiling, with values in the lower and 
higher frequency range. The different array sizes also differed in results, where some larger 
elements provided an increased spatial decay in the lower frequencies, especially in the 
coffered configuration (14 dB at 3 m from the ceiling in the 250 Hz octave band). Generally, 
the higher frequency range provided increased results for all configurations and measurement 
plane distances, with the corner cube configuration providing between 8 – 10 dB for its 0.3 and 
0.6 m size arrays at all plane distances for the near field, but the 0.6 m size array coffered 
ceiling exhibited a spatial decay rate of 13 – 15 dB in the 8 kHz octave band for all 
measurement planes. 
In terms of room acoustics, a spatial decay rate of 10 dB or more is considered as a high-
performing space, if the intent is spatial attenuation of sound energy. The ISO 3382-3 (2012) 
standard presents a different method of calculating a spatial decay rate, and provides target a 
value. Although the measurement and calculation method differs from the one used in this 
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section, the target value in the standard is of 7 dB or more of spatial attenuation per doubling 
of distance. Also, the standard measurements are done over large distances, while the near field 
in this section extends to a distance of 1 m from the source.  
The focal reflected energy at and around the source and the spatial decay rate of sound energy 
from the source outwards (especially in the near field) have shown that an overall 
retroreflective ceiling provides greater acoustic control of the sound field tan a flat specular 
ceiling does. However, the results presented are only from a simulation, and therefore do not 
include other acoustic factors that would be included in a normal room such as variation in air 
temperature that could affect the speed of sound, varying air pressure, or much simpler 
attributes such as furniture or humans. Also, the stimulatory environment provided for these 
measurement only contains a single source, and therefore only represents the sound field as 
such. Nonetheless, with the aid of the results presented from this section, it could be determined 
that if two sources would be separated by at least 1 or more metres, and the ceiling of the room 
be formed of effective retroreflectors, each of the two sources would receive significantly lower 
reflected sound energy from the other source, assuming the same conditions from this study 
would be met.  
 
4.4.3 VOICE SUPPORT 
 
     The voice support provided from the sphere head, where the receivers (ears) were placed 
apart from the sphere to try to alleviate the effect of creeping waves, still show a notch at 1 
kHz. This effect, although defined previously, is an artefact of using spheres in a wave-based 
numerical simulation. Figures 4.13, 4.14, 4.15, 4.16 show the octave band voice support values 
for each  
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Figure 4.13: Voice support values for each ceiling array size, for each measurement plane distance from the ceiling, 
per octave band, for the corner cube ceiling array. 
Figure 4.14: Voice support values for each ceiling array size, for each measurement plane distance from the ceiling, 
per octave band, for the triangular ceiling array. 
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ceiling array configuration, for each measurement plan distance per octave bands (125 – 8,000 
Hz). The 16 kHz band could not be calculated due to the limitation of the sampling frequency 
of the simulation in the parameters.  
While the 1 kHz creeping wave notch is the most apparent aspect of the results presented above, 
some variation can be seen between the configurations. 
For the 0.3 m size element of each configuration of ceiling array, the octave band values below 
the 1 kHz notch all follow the same trend (plateau from 125 Hz to 250 Hz and then increase to 
1 kHz), while the higher frequency values differ somewhat. The voice support levels from the 
1 m measurement support values at -6 to -15 dB for all configurations, with the corner cube 
ceiling providing the highest voice support values (-7.9 dB at 4 kHz). Values for the 2 and 3 m 
measurement distances provide a similar voice support, which tends to lower at 4 kHz and rise 
again at 8 kHz. This could be due to the 8 kHz band only being partially simulated, with the 
high cut-off frequency of 9 kHz, and would therefore contain higher values based on the lower 
part of the 8 kHz band. 
For the 0.6 m size element of each configuration, the results are similar, although the coffered 
ceiling array provides increased values overall (-8.6 dB at 4 kHz) for the 1 m measurement 
distance. This result follows the trend of previous sections about the effectiveness of a coffered 
ceiling array in the 0.6 m size.  
For the 0.9 and 1.2 m size arrays for each configuration, the lower frequency octave bands 
show a slight increase, mostly due to the larger element size. For example, the coffered ceiling 
array shows a value of -10.9 dB for the 1 m distance at 500 Hz. The higher frequency octave 
bands for the larger elements do not vary much, although with a slight increase for the 
triangular and coffered ceiling arrays at a 0.9 m size.  
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Figure 4.15: Voice support values for each ceiling array size, for each measurement plane distance from the ceiling, 
per octave band, for the coffered ceiling array. 
Figure 4.16: Voice support values for each ceiling array size, for each measurement plane distance from the ceiling, 
per octave band, for the circular ceiling array. 
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Overall, the circular ceiling elements provide the least voice support, which concurs with the 
previous results presented in this chapter. On the other hand, the voice support values for all of 
the configurations are a function of how many retroreflective elements and their base corner 
are visible from the mouth of the sphere head. Also, the creeping waves that originate from the 
source also shed along the meridian of the sphere, and therefore could add energy to the direct 
sound of the OBRIR, and affect the determination of voice support. As previously mentioned 
in Chapter 3, the voice support values presented can only be taken as indicative values, not 
relating to any other values for measurements of full rooms. The extension of the ceiling array 
shown in chapter 3 as the 0.3 m corner cube array, measured as a wall, can be seen in this 
chapter represented as a ceiling. Although not measured in chapter 3 as a ceiling, the results 
from these simulations show voice support values that are consistent with the simulation results 
of the 0.3 m array presented beforehand.  
Finally, the voice support STv values are presented in figure 4.17. As a comparative tool, the 
STv values for the flat ceiling are included. Firstly, the STv values at each measurement distance 
can be seen to decrease, which is expected.  
For the STv values at a 1 m distance from the ceiling, a distinction can be made for the increased 
values of the coffered ceiling array, with the 1.2 m size array reaching an STv of -12.6 dB, with 
the 0.9 m size and the 0.6 m size at -12.9 dB and -13.4 dB respectively. After these results, the 
corner cube ceiling array shows STv values at -14.4 dB for the 0.9 m size array. Other results 
are similar, apart from the circular ceiling array, whose peak value reached -16.5 dB for the 0.3 
size array. However, these values were still higher than the STv value shown by the flat ceiling, 
at -19.4 dB 
At a 2 m distance from the ceiling, a single result from the corner cube ceiling array is the best 
performer, with -15.4 dB for the 0.6 m size array. Again, the coffered ceiling array provided  
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some high values for this measurement distance as well, ranging from -15 to -17 dB for all 
element sizes. The triangular ceiling array did also perform relatively well, with values 
reaching -16.7 dB for the 0.6 m size array. As before, the circular ceiling offered little voice 
support, peaking at -17.9 dB for its 0.9 m size array. Still, these values were higher than the 
flat ceiling, at -19.4 dB. 
The STv values for the measurements at 3 m from the ceiling follow the same trend as the ones 
above, with the coffered ceiling configuration providing the highest STv values, showing -17.3 
Figure 4.17: STv values presented for each of the measured 
distances from the ceiling, for each of the configurations of 
ceiling elements and per element size. As a comparative 
tool, the flat ceiling voice support is included. 
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dB for the 0.9 m size array and -17.6 dB for the 1.2 m size array. The corner cube ceiling array 
also performed well, with values around -18 and -19 dB for all configurations. The circular 
ceiling was still the worst performing ceiling, although the 0.9 m configuration provided an 
STv value -19.8 dB, only slightly higher than the 0.3 m size array STv value for the coffered 
configuration.  
Overall, these STv values interpret the potential of support provided to a talking source by a 
retroreflective ceiling. The results presented in this section could have several applications in 
real talker environments, where a higher voice support, and therefore a higher perception of 
one’s own voice in a room, could benefit the environment. An example of one of these 
environments are open-plan offices. The problem of open-plan office acoustics, where speech 
distraction and speech privacy are major issues, could benefit from a retroreflective ceiling, in 
a sense that the retroreflected energy form a loud talker back to its ears will influence them to 
lower their voice. While the direct sound from one source to another is unaffected, the 
reflections provided from other surfaces of the room can cause additional interfering 
transmission, leading to unwanted distracting speech sounds. Therefore, in theory (lacking the 
application of such theory), a retroreflective ceiling could aid in the quietening of loud talkers 
in a multi-talker environment, by reflecting peoples’ voice back to their respective ears, more 
effectively than a specular reflection or absorption, neither of which so directly affects the 
talkers’ voice output.  
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4.5 CONCLUSIVE REMARKS 
 
Retroreflection could have a range of applications for different purposes, where this 
chapter has provided the base of research for the quantification of retroreflective ceilings in 
room acoustics with a notion of acoustic control. With strong retroreflection back to the 
sources’ focal area, a steep spatial decay rate of reflected energy in the near field of the source, 
and voice support provided by retroreflectors, the general effect of retroreflection has been 
quantified for a range of retroreflective ceiling types. Overall, the coffered ceiling array 
provided the best retroreflective response in terms of reflected energy back to the source, spatial 
decay rates of reflected energy and general voice support values, with the corner cube array 
also performing well in of the tested some scenarios. However, for equivalent edge lengths, the 
corner cube array is a shallower treatment because of the angles of the faces, and so may 
provide a more space-efficient solution. The different element sizes included in these 
measurements provided some indication as to the optimal size requirement of retroreflective 
elements for better retroreflection of certain frequency ranges, at different measurement 
distances from the ceiling. Within the current study, severe limitations of different aspects of 
the measurement procedures were made very apparent. Also, the computational limitations 
(even with the availability of the Artemis cluster) of the simulation were seen to influence the 
results (creeping waves, upper frequency limit). STv values also showed the possible voice 
support that retroreflective ceilings could provide, although with highly limited applicability.  
With the overarching notion of providing acoustic control in rooms, retroreflective ceilings 
have demonstrated the capabilities of geometrical shapes contained within one surface of a 
room. Further determination using subjective testing is required to determine the perceptual 
impact of these surfaces. 
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CHAPTER 5  
CONCLUSION 
 
 
 
 
This chapter will provide the reader with a brief summary of every chapter and overall 
conclusive remarks. 
 
 
The case study presented in chapter 2 was only intended as a small experiment, for a conference 
publication. The subject area of corridor acoustics was discovered to be an intricate and 
fascinating area of room acoustics, where basic room theories are unsuitable. The 
quantification method presented in this chapter (ISO 3382-3, 2012) allowed for a systematic 
analysis across different measurement mediums, characterising known metrics in terms of long 
spaces. The study focused on the varying spatial configuration of absorptive material placed 
on a ceiling of a corridor, to minimise distracting speech sounds from being transmitted to an 
adjacent open-plan office, therefore providing a sense of acoustic control on the space. Several 
geometries were measured in a model tube, a real corridor and a simulated corridor. The 
aforementioned analysis method delivered metric values that could be quantified in terms of 
speech weighted sound levels, where the spatial decay of A-weighted speech-weighted SPL 
values over the distance of the corridor showed how effectively the speech sounds were being 
attenuated over the length of the corridor; the distraction distance, calculated from STI, showed 
at which distance speech sounds were not considered a disturbance and finally the A-weighted 
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SPL of speech at 4 m from the source. All these metrics showed a strong preference for a 
specific configuration, the transverse, as the most effective between all measurement mediums 
and metric results. Other similar configurations for the shape of the transverse performed also 
well in attenuating speech sounds over distance. Overall, the chapter demonstrates that 
different spatial configurations of sound absorbent material will affect the sound field of a 
corridor with varying effectiveness, with some configurations providing a high spatial decay 
of speech sound over distance, and a distraction distance of less the corridor length, which is 
preferred. This conclusion provides a basis for the notion of acoustic control in rooms. 
To further the idea of acoustic control within a room, retroreflectors were first proposed as a 
conceptual measure. The availability of built retroreflective arrays, made for another project, 
provided a distinct opportunity for measurements, providing some critical data as to the 
effectiveness of retroreflective arrays. Chapter 3 provides a measurement method and analysis 
to quantify the support given to a talker by a retroreflective array in terms of the voice support 
metric. The built arrays were measured in an anechoic room with a HATS, in order to obtain 
OBRIRs. The same measurement parameters were simulated using the FDTD method. The 
OBRIRs from both media provided indicative results, showing high values for voice support, 
which were expected due to the nature of retroreflection. This chapter provided key data for 
retroreflection in room acoustics and warranted further research into the effectiveness of 
retroreflectors arrays to provide acoustic control. 
Chapter 4 describes different geometrical arrangements of retroreflective elements, in an array, 
placed on a ceiling of a computational room model. Four different kinds of ceiling arrays were 
modelled, with each type modelled in constant regular size increments, with edge lengths from 
0.3 m to 1.2 m. Through numerical simulation using the FDTD method, the complete sound 
field horizontal to the ceiling was simulated through a grid of almost 10,000 receivers at 
constant increments of distances from the ceiling. Also, a modelled head and torso with a 
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simulated mouth and ears was simulated with the FDTD implementation, for each room, at 
different distances. For comparative measure, a room with a hard, flat ceiling was also 
simulated. Firstly, the reflected energy at the focal area (at and immediately around the source) 
was calculated, establishing that more energy is being reflected back to the focal area 
immediate around the source from retroreflectors rather than a flat ceiling. Then, the spatial 
decay rate of reflected energy from the source position outwards on a horizontal plane was 
calculated, mostly to interpret the effect that a retroreflective array has on a sound field of a 
room. A steep spatial decay rate is consistent with a high focal area energy level. Finally, the 
voice support value of each configuration was determined, using the simulated head and the 
method outlined in chapter 3.  
The results arising from this chapter for the focal area reflected energy and spatial decay rate 
indicated towards an interesting conclusion; a cubic coffered ceiling, which is based on the 
well-known coffered geometry, performed the best out of all the categories. This could be 
partly due to the fact that the specific geometry of a coffer would allow for more than one 
retroreflection to occur in a single coffer element. The availability and commonness of such 
ceiling geometry is an exciting thought, as these could be readily measured for some further 
insight into their usefulness and effectiveness as retroreflector arrays. The corner cube 
retroreflective array ceiling, the basic shape of a retroreflector, also performed well, presenting 
values (focal area energy and spatial decay) far above the flat specular only ceiling. For the 
voice support results, the coffered was also the best performer, still outperforming a flat surface 
as a ceiling, with the corner cube array presenting similar results. 
The results from each chapter could be combined to show the overall effectiveness of surface 
geometries for noise control in rooms. Chapter 2 offered the conclusion that a specific shape 
of absorptive material performed better than others at attenuating sound over distance, chapter 
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3 shows the effectiveness of a relatively small retroreflective array to provide voice support 
and chapter 4 presented data as to the most effective shape of retroreflective array in rooms. 
The research presented in this thesis is aimed at supplying a research baseline to warrant further 
and more detailed research into the effect of unusual geometries within a room, including 
retroreflection. Through the review of relevant literature, measurements and simulation, this 
thesis has presented strong evidence as to the localized effectiveness of retroreflection within 
a room. It could be determined that retroreflection is consistently providing increased 
reflections back to one’s self, while also increasing voice support for speech. An important 
further area of research in this topic should be to look at the autophonic response in presence 
of retroreflectors. Within this thesis, the focalised effect of retroreflection has been established, 
and should be implemented within a physical room to measure its effect subjectively. Although 
Chapter 3 has put forward a measurement of a retroreflective surface, the obvious limitations 
of the available method were restricting. A simulation could also be designed to subjectively 
examine the perceptual autophonic response of humans in the presence of simulated 
retroreflectors. Chapter 2 of this thesis also provides some area of interest for further research, 
as geometrical elements placed on a surface of a room could be studied a multitude of different 
ways. The conclusion that a certain shape of geometrical elements of absorptive material 
performed better than others while remaining at a mass constant could be taken further, where 
more complex and unusual shapes could be tested. This could vastly inform the acoustic design 
of corridors. Overall, this thesis has been based on scientific methods, with no subjective 
testing or measures. This could provide more breath into this unexplored area of acoustics. 
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